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1.1 Rasgos funcionales y ecología del fitoplancton 
 El fitoplancton incluye a todos los organismos unicelulares fotosintéticos que habitan 
las aguas superficiales de los ecosistemas acuáticos. Este grupo polifilético, que incluye 
cianobacterias fotosintéticas y protistas unicelulares, es la base de las cadenas tróficas en el 
océano, y aunque contiene solo en torno al 1-2% de la biomasa fotosintética global, es 
responsable de fijar entre 45-55 Gt de CO2 al año, lo que constituye casi la mitad de la 
producción primaria global en el planeta (Field et al. 1998, Falkowski &  Raven 2007).   
La estructura y composición de la comunidad fitoplanctónica juega un papel muy 
importante en el funcionamiento de los sistemas acuáticos. Cambios en la estructura de 
tamaños en las comunidades modifican la estructura de las redes tróficas, lo que en última 
instancia determina el flujo y destino del carbono en el interior del océano. Así, cuando el 
fitoplancton de tamaño pequeño representa la mayor parte de la biomasa autótrofa,  
predominan el bucle microbiano y el reciclado de los nutrientes, lo que hace que la 
exportación de materia orgánica hacia el interior del océano sea débil. Por el contrario, 
cuando domina el fitoplancton de tamaño grande la organización trófica se caracteriza por la 
presencia de la cadena herbívora y la transferencia de carbono hacia niveles tróficos 
superiores y hacia la exportación se hacen más importantes (Legendre &  Le Fèvre 1991, 
Falkowski &  Oliver 2007). Por otro lado, debido a que cada grupo de organismos se 
caracteriza por tener distintos requerimientos nutricionales, la composición de la comunidad 
tiene un efecto directo sobre los ciclos biogeoquímicos de elementos tales como el carbono, el 
nitrógeno, el fósforo y el silicio (Peters 1986, Falkowski et al. 2004). 
 La sucesión entre grupos depende principalmente del efecto de la energía externa (no 
derivada directamente del proceso fotosintético) (Margalef 1978), de tal forma que los nichos 
ecológicos en donde se desarrollan se definen principalmente por factores físicos (p. ej., 
advección y turbulencia) que afectan directamente a la disponibilidad de recursos (nutrientes, 
luz), y en segundo lugar, por el efecto de predadores y parásitos. Por lo tanto, se podría decir 
que la distribución de las poblaciones fitoplanctónicas es el resultado de la interacción entre 
los ciclos de vida de un gran número de especies y las propiedades selectivas del ambiente, 
que varían en el tiempo y el espacio (Margalef 1978), y que, como consecuencia, influirán 
directamente en las características o rasgos fisiológicos fundamentales.  
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 Rasgos como el tamaño celular, la tasa de crecimiento y las tasas metabólicas 
específicas se encuentran asociados a una serie de estrategias evolutivas que permiten explicar 
los patrones de distribución de los principales grupos funcionales y taxonómicos (diatomeas, 
dinoflagelados, cocolitofóridos, cianobacterias, fijadores de nitrógeno, etc.) y/o clases de 
tamaño a lo largo de distintos gradientes ambientales (Litchman et al. 2007). Muchos de los 
rasgos que caracterizan a los distintos grupos no son independientes entre sí, sino que se 
encuentran interrelacionados a través de procesos de compromiso o trade-off. En estos casos, 
un rasgo determinado puede conferir una cierta ventaja para determinada función o en unas 
determinadas condiciones, y al mismo tiempo representar una desventaja desde el punto de 
vista de otra función o en otra situación ambiental (Litchman &  Klausmeier 2008).  
1.2 Tamaño celular y metabolismo en fitoplancton 
El tamaño corporal es un rasgo que guarda una estrecha relación con las tasas 
metabólicas (Peters 1986, Brown et al. 2004). Para la mayor parte de los organismos, a 
medida que el tamaño aumenta la tasa metabólica específica disminuye, lo que significa que 
organismos pequeños tienden a tener un metabolismo más acelerado en comparación a 
organismos más grandes (Smith &  Smith 2001). La explicación a éste fenómeno se debe a la 
relación que existe entre la superficie y el volumen (tamaño) en los organismos. Por ejemplo, 
un organismo de tamaño pequeño, debido a que tiene una relación superficie/volumen mayor, 
perderá más calor hacia el ambiente que uno pequeño. Por consiguiente, el organismo 
pequeño deberá quemar energía más rápidamente para producir suficiente calor metabólico 
para mantener sus funciones. La ralentización del metabolismo a medida que aumenta el 
tamaño corporal se ha relacionado con las limitaciones impuestas por el transporte y 
distribución de recursos en el interior del organismo (West et al. 1999, Banavar et al. 2010) 
Las relaciones en las que el tamaño de un organismo influye sobre una propiedad 
física o fisiológica (p. ej., metabolismo, tasa de crecimiento) se conocen como relaciones 
alométricas (Brown et al. 2004). Estas relaciones predicen una disminución de la tasa 
metabólica por unidad de biomasa (M) con el tamaño del organismo (T, en unidades de 
biomasa o volumen) y son descritas mediante la ecuación potencial M = aT b, donde b es el 
exponente alométrico, cuyo valor suele variar entre 0.66-0.75, mientras que a es un 
coeficiente relacionado con la afiliación taxonómica (Falkowski &  Raven 2007). Las 
relaciones alométricas son consideradas como herramientas útiles que permiten obtener 
información sobre procesos fundamentales que regulan el funcionamiento metabólico de los 
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organismos (DeLong et al. 2010), además de ayudar a predecir la respuesta a cambios 
ambientales tanto a nivel fisiológico como a nivel biogeoquímico (Finkel et al. 2010). 
Durante mucho tiempo ha existido un gran debate sobre el exponente que mejor 
describe las relaciones alométricas. A partir de los resultados obtenidos por Kleiber (1932), 
los cuales muestran que la tasa metabólica de aves y mamíferos guarda una relación 
alómetrica con el tamaño con un exponente de ¾ (Ley de Kleiber), el uso de este exponente 
para describir las relaciones que existen entre una función biológica y el tamaño se ha 
demostrado válido desde microorganismos hasta plantas vasculares y mamíferos (West et al. 
1999, Savage et al. 2004, Beardall et al. 2009, Beardall et al. 2009). Sin embargo, en el caso 
de los organismos fitoplanctónicos, el uso de la Ley de Kleiber para predecir cambios en las 
tasas metabólicas sigue sujeto a debate.   
En el fitoplancton, que abarca un rango de tamaños celulares de más de 9 órdenes de 
magnitud (desde 0.1 µm3 para la cianobacteria Prochlorococcus hasta más de 109 µm3 para 
las diatomeas más grandes) el tamaño tiene un efecto sobre distintos procesos fisiológicos y 
ecológicos como la absorción de la luz, el hundimiento, la depredación, así como sobre la tasa 
de crecimiento (Laws 1975, Tang 1995) y diferentes tasas metabólicas como la fijación 
fotosintética de carbono (Blasco et al. 1982), la respiración (Laws 1975, Banse 1976, Blasco 
et al. 1982, Tang &  Peters 1995), o la tasa de exudación (Finkel 1998). Sin embargo, no 
existe un consenso en los resultados, y las relaciones entre el tamaño y la tasa metabólica 
obtenidas son dispares. En algunos casos se confirma la Ley de Kleiber (Taguchi 1976, 
Blasco et al. 1982, López-Urrutia 2008), otros estudios muestran que la pendiente de la 
relación es mayor a 0.75 (Tang &  Peters 1995), igual a 1 (relaciones isométricas) (Banse 
1976, Marañón et al. 2007, Huete-Ortega et al. 2012) o bien, muestran una relación no lineal 
(Chen &  Liu 2010, Wirtz 2011, Marañón et al. 2012). Las diferencias encontradas entre los 
trabajos previos pueden ser resultado de las distintas metodologías empleadas, diferencias en 
el rango de tamaños considerado (que usualmente suele ser pequeño), o al hecho de incluir 
pocas especies en los estudios. Por ello, aún no ha sido posible esclarecer definitivamente 
cómo influye el tamaño celular en el metabolismo del fitoplancton y cómo varía en función de 
la composición taxonómica.  
1.3 La exudación de carbono orgánico 
 La liberación extracelular de compuestos orgánicos disueltos recientemente 
sintetizados (también denominada producción primaria disuelta) es un proceso natural 
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(Mague et al. 1980) que tiene lugar en cualquier fase de crecimiento en las células 
fitoplanctónicas (Hellebust 1965, Obernosterer &  Herndl 1995). El porcentaje de liberación 
extracelular (PER, la fracción del carbono total fijado que es liberada en forma disuelta)  varía 
en promedio entre un 10-35% de la producción primaria total, siendo más importante en zonas 
oligotróficas del océano (Fogg 1983, Karl et al. 1998, Teira et al. 2001). Los valores de PER 
reportados sugieren que la producción primaria disuelta puede representar una fracción 
importante de la fijación total de carbono, por lo que si no es tomada en cuenta la 
productividad total de los ecosistemas puede ser subestimada.  
 El proceso de exudación puede ser explicado por dos mecanismos que no son 
mutuamente excluyentes: la difusión pasiva de moléculas pequeñas de bajo peso molecular (< 
900 daltons) a través de la membrana celular (Bjørnsen 1988), o una liberación activa de 
compuestos que puede ser resultado de sufrir algún tipo de estrés ya sea por luz o nutrientes 
(Fogg 1983, Wood &  Van Valen 1990).  Es frecuente encontrar moléculas grandes (> 1500 
daltons), cuyas tasas de difusión son bajas, dentro del material excretado por las células 
(Hellebust 1965, Lancelot 1984), lo que sugiere que un mecanismo independiente de la 
difusión debe estar relacionado con la liberación de carbono orgánico disuelto. También se ha 
visto en ciertas especies de fitoplancton que después de ser expuestas a irradiancia de 
determinadas longitudes de onda almacenan polímeros en pequeñas vesículas y éstas son 
liberadas de la célula mediante una exocitosis autoregulada (Chin et al. 2004, Orellana et al. 
2011). Sin embargo, aún se desconocen los mecanismos relacionados con la liberación 
extracelular de macromoléculas. 
 Algunos autores han sugerido que en células de tamaño pequeño tiene lugar una 
mayor liberación de compuestos orgánicos a través de la membrana (mayor exudación), como 
resultado de su mayor superficie/volumen (Malinsky-Rushansky &  Legrand 1996). Esta idea 
se puede ver reforzada por las diferencias encontradas en el porcentaje de liberación 
extracelular entre regiones oligotróficas dominadas por pico y nanofitoplancton,  y zonas de 
alta productividad donde la comunidad es dominada por células grandes. A pesar de que en 
algunos estudios se ha encontrado que el PER tiene una relación significativa con la 
importancia relativa del picofitoplancton (Malinsky-Rushansky &  Legrand 1996, Teira et al. 
2001), dicha relación no siempre se encuentra (Marañón et al. 2004). Una dificultad en el 
estudio de la importancia de la exudación en relación al tamaño celular del fitoplancton es que 
en el medio natural los cambios en la estructura de tamaños están habitualmente acompañados 
de cambios muy marcados en condiciones ambientales clave como la disponibilidad de 
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nutrientes, lo que dificulta separar los diferentes efectos. Asimismo, se ha encontrado que la 
importancia relativa de la liberación extracelular puede depender de la fase de crecimiento o 
estado fisiológico en que se encuentren las poblaciones (Obernosterer &  Herndl 1995). Por 
ello, se hace necesario el estudio de la exudación en diferentes momentos de la dinámica de 
crecimiento del fitoplancton.   
1.4 Fotosíntesis y respiración 
 En el caso de la fijación de carbono o producción primaria, estudios realizados con 
cultivos de microalgas (principalmente diatomeas) han encontrado que la tasa fotosintética y 
el tamaño celular frecuentemente guardan una relación alométrica (Blasco et al. 1982, Finkel 
1998, López-Urrutia et al. 2006). Sin embargo, estudios recientes han demostrado que en 
poblaciones naturales dicha relación no sólo se aleja de la ley de los 3/4, ya que el exponente 
encontrado sería igual o mayor a uno (lo cual implicaría que las células grandes tienen tasas 
metabólicas más altas a las esperadas para su tamaño) (Marañón et al. 2007, Marañón 2008, 
Huete-Ortega et al. 2011), sino que además puede existir una curvatura en la relación entre la 
tasa fotosintética individual y el tamaño celular (Chen &  Liu 2010). Esto implicaría que, en 
vez de ser constante, el valor de la pendiente en la relación log-log entre tasa metabólica y 
tamaño celular tomaría valores diferentes en diferentes rangos de tamaño. Sin embargo, en 
todos estos trabajos hay una serie de limitaciones metodológicas que impiden esclarecer el 
tipo de relación que existe entre el tamaño celular y la tasa fotosintética. En los estudios de 
campo, no es posible aislar el efecto del tamaño per se, ya que existen otras fuentes de 
variación que pueden estar afectado directamente a las tasas de fijación de carbono, como 
variaciones en la disponibilidad de recursos. Además, dificultades metodológicas como el 
comportamiento del isótopo 14C durante las incubaciones experimentales con comunidades 
naturales, o el posible efecto diferencial del herbivorismo sobre el fitoplancton de diferentes 
tamaños, puede añadir incertidumbre a los resultados obtenidos.  Por otro lado, los pocos 
estudios realizados con cultivos (Blasco et al. 1982, Finkel 1998) incluyen un número 
relativamente pequeño de especies y grupos taxonómicos, y consideran un rango de tamaños 
limitado al nano- y micro-fitoplancton, sin considerar el picofitoplancton.  
 Cuando un organismo fotosintético deja de recibir luz y pasa a estar en la oscuridad, la 
fotosíntesis se detiene y se produce un consumo neto de oxígeno y la pérdida de carbono 
inorgánico, proceso que se denomina respiración mitocondrial o respiración de la fase oscura 
(Falkowski &  Raven 2007). Las pérdidas debidas a la respiración suelen considerarse 
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necesarias para el crecimiento del fitoplancton, ya que a partir de ellas se obtiene energía y 
poder reductor para que procesos biosintéticos como la asimilación de nutrientes y la síntesis 
de macromoléculas pueda llevarse a cabo también en la oscuridad (Geider 1992). En el 
pasado, dichas pérdidas solían cuantificarse en torno a un 10% de la tasa fotosintética máxima 
(Parsons et al. 1984). Sin embargo, medidas con cultivos de fitoplancton indican que el 
cociente respiración/fotosíntesis puede variar entre <0.1 y 0.5, dependiendo de las 
condiciones de crecimiento y la afiliación taxonómica (Geider &  Osborne 1989).  
 Comparativamente con los datos de fotosíntesis, los trabajos donde se relacionan la 
respiración y el tamaño celular en fitoplancton son escasos. La pendiente de las relaciones 
entre las tasas individuales de respiración y el tamaño varía entre 0.69 y 0.90 (Laws 1975, 
Banse 1976, Tang &  Peters 1995). Algunos autores han sugerido que existe una relación 
inversa entre la tasa específica de respiración y el tamaño celular, y que el balance entre 
respiración y producción puede ser uno de los factores principales que determinan la 
distribución de células fitoplanctónicas con volumen menor de 104 µm3 (Laws 1975). Sin 
embargo, la relación entre la tasa específica de respiración (por unidad de biomasa) y el 
tamaño no siempre aparece (Falkowski &  Owens 1978), por lo que no queda claro si este 
proceso catabólico puede realmente desempeñar un papel en la determinación de la estructura 
de tamaños del fitoplancton en el océano. Por otro lado, a lo largo del espectro de tamaños 
tienen lugar también cambios importantes en la afiliación taxonómica del fitoplancton. Por 
todo ello, es importante también determinar la importancia de la exudación y la respiración en 
diferentes grupos filogenéticos, y comunidades de fitoplancton caracterizadas por diferente 
composición taxonómica.     
1.5 Objetivos y estructura de la Tesis  
 El objetivo general de esta Tesis es avanzar en el conocimiento de la relación entre 
tamaño celular, estructura de la comunidad y metabolismo del fitoplancton, prestando especial 
atención a la exudación de carbono orgánico disuelto pero abordando también la fijación 
fotosintética de carbono así como la respiración. La hipótesis general de partida es que existe 
una relación funcional entre estructura de la comunidad, entendida tanto desde el punto de 
vista del tamaño celular como de la afiliación taxonómica, y tasas metabólicas críticas como 
la fotosíntesis, la exudación y la respiración. Los objetivos específicos abordados se pueden 
resumir de la siguiente manera: 
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• Determinar la variabilidad y factores de control del porcentaje de liberación 
extracelular en ambientes fuertemente contrastados desde el punto de vista del nivel de 
producción y de la estructura de tamaños y composición de la comunidad de 
fitoplancton. 
• Estudiar la relación entre la importancia de la exudación y la estructura de la 
comunidad en dos regiones de productividad diferente.  
• Determinar cómo varía la importancia de la producción de carbono orgánico disuelto a 
lo largo de la dinámica de crecimiento y decaimiento de comunidades naturales de 
fitoplancton.  
• Verificar la hipótesis de que el metabolismo del fitoplancton sigue la relación 
alométrica de los ¾. 
• Comprobar si las relaciones de escalamiento entre tamaño celular y tasas metabólicas 
se ven afectadas por la fase de crecimiento y el estado fisiológico de las poblaciones. 
• Determinar experimentalmente la relación entre la tasa de respiración y el tamaño 
celular así como investigar la existencia de diferencias entre grupos taxonómicos 
respecto a la importancia relativa de la respiración. 
Durante la fase experimental de esta Tesis se llevaron a cabo medidas en el campo con 
comunidades naturales así como experimentos con cultivos de laboratorio. El trabajo de 
campo se realizó en dos ecosistemas caracterizados por una estructura de la comunidad y un 
nivel de productividad muy diferentes: la Ría de Vigo, un ecosistema costero altamente 
productivo, y el Mar Mediterráneo, una región fuertemente oligotrófica. El trabajo de 
laboratorio consistió en el mantenimiento de cultivos batch de 22 especies de fitoplancton, 
que abarcaban un amplio rango de tamaños celulares y afiliación taxonómica, y en los que se 
midieron, durante diferentes fases del ciclo de crecimiento, las tasas de fotosíntesis, exudación 
y respiración.     
 Para establecer si existían diferencias en el porcentaje de liberación extracelular bajo 
condiciones de alta y baja productividad y durante diferentes fases en el desarrollo de 
proliferaciones de fitoplancton, así como investigar si la importancia de la exudación guarda 
relación con la composición de la comunidad, se estudió la tasa de fijación de carbono, la 
exudación, la composición taxonómica y la biomasa del fitoplancton en mesocosmos 
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experimentales en la Ría de Vigo. Los experimentos con mesocosmos se realizaron durante 
cuatro épocas que se corresponden con situaciones hidrográficas y ecológicas características 
de este ecosistema: la proliferación de primavera, el período estival de estratificación térmica, 
el afloramiento de otoño y la mezcla vertical de invierno. Los resultados de este trabajo se 
describen en el capítulo 2, el cual fue publicado en la revista Journal of Plankton Research 
(López-Sandoval et al. 2010)  
 
Con la finalidad de determinar la importancia relativa de la exudación en un ecosistema 
oligotrófico, y su relación con la estructura de tamaños de la comunidad fitoplanctónica 
presente, se midieron, las tasas de fijación de carbono, la exudación y la biomasa de 
fitoplancton en tres clases de tamaño a lo largo de un gradiente longitudinal en el Mar 
Mediterráneo durante el periodo de estratificación de verano. Los resultados de este trabajo se 
presentan en el capítulo 3, el cual fue publicado en la revista Biogeosciences (López-
Sandoval et al. 2011). Estos trabajos confirmaron que la exudación representa una fracción 
importante de la productividad total en los sistemas marinos, es una propiedad relativamente 
constante en el tiempo y también en el espacio, y aparentemente no guarda una relación clara 
con la estructura de tamaños de la comunidad fitoplanctónica. Sin embargo, debido a que 
dichos estudios fueron realizados in situ, y por tanto estaban sujetos a la covariación entre 
diferentes factores de control, no era posible determinar inequívocamente hasta qué punto el 
tamaño celular per se estaba o no relacionado con la importancia de la exudación, o si tal y 
como la teoría sugiere, está directamente relacionado con el estado fisiológico en las 
microalgas.  
Para establecer si existe una relación entre la importancia de la exudación y el tamaño 
celular o el estado fisiológico del fitoplancton, se midió la producción de carbono orgánico en 
cultivos de 22 especies de fitoplancton que incluían diatomeas, dinoflagelados, 
cocolitofóridos, clorofíceas y cianobacterias, y abarcaban un rango de tamaño desde 0.1 µm3 
hasta >106 µm3 en volumen. Las medidas se realizaron durante tres fases de crecimiento: la 
fase exponencial, una fase intermedia y la fase estacionaria. Además, en cada experimento, se 
determinaba el biovolumen de las células y diariamente se tomaban medidas de abundancia 
celular, fluorescencia, y de la concentración de nitrógeno inorgánico disuelto, carbono y 
nitrógeno orgánico particulado, y clorofila. Los resultados de este trabajo se presentan en el 
capítulo 4 y aparecen recogidos en el artículo publicado en Marine Ecology Progress Series 
(López-Sandoval et al. 2013). 
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La última fase de esta Tesis consistió en analizar la relación que existe entre el tamaño 
celular y la tasa de fotosíntesis total (incluyendo también la exudación) y respiración en las 
mismas especies utilizadas en el capítulo anterior, prestando atención también al efecto de la 
afiliación taxonómica y de la fase de crecimiento sobre el metabolismo del carbono. Los 
resultados de este trabajo se presentan en el capítulo 5, y el manuscrito correspondiente se 
encuentra actualmente en preparación. Finalmente, en el capítulo 6 se presenta una síntesis de 
los principales resultados obtenidos en esta Tesis y se enumeran las principales conclusiones 
alcanzadas.  

  
 

  
 
 
Capítulo 2 
 
Particulate and dissolved primary production by contrasting 
phytoplankton assemblages during mesocosm experiments in the Ría de 
Vigo (NW Spain)* 
 
 
 
 
 
 
 
 
 
 
 
 
 
*López-Sandoval DC, Marañón E, Fernández A, González J, Gasol JM, Lekunberri I, Varela 
M, Calvo-Díaz A, Morán XAG, Álvarez-Salgado XA, Figueiras FG (2010) Particulate and 
dissolved primary production by contrasting phytoplankton assemblages during mesocosm 
experiments in the Ria de Vigo (NW Spain). J Plankton Res 32:1231-1240 
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2.1 Abstract 
 We studied the importance of dissolved primary production in a coastal, productive 
ecosystem in relation to phytoplankton biomass, community structure and productivity. The 
photosynthetic production of dissolved organic carbon (DOCp) and particulate organic carbon 
(POCp) was determined in mesocosm experiments during four contrasting oceanographic 
periods in the Ría de Vigo (NW Iberian Peninsula). We also determined the size-fractionated 
chorophyll a concentration and primary production, phytoplankton taxonomic composition 
and bacterial production. Phytoplankton biomass was dominated by the >20 µm size fraction 
(mostly diatoms), except in winter, when the 2-20 and <2 µm size fractions (flagellates and 
picophytoplankton) increased in importance. The percentage of extracellular release (PER) 
had an average value of 19% and was independent of oceanographic period, phytoplankton 
biomass and production, taxonomic composition and size structure. During phytoplankton 
blooms, PER increased significantly from 14% in the exponential growth phase to 23% in the 
senescent phase. Bacterial carbon demand and DOCp were uncoupled, suggesting that other 
processes in addition to photosynthate exudation contribute most of the labile carbon to fuel 
bacterial metabolism. Dissolved primary production remains an important process in coastal 
phytoplankton assemblages throughout the year, irrespective of size-structure and community 
composition, but attaining higher significance during the decaying phase of blooms. 
 
2.2 Introduction 
The photosynthetic production of dissolved organic carbon (DOCp) by phytoplankton 
can represent a substantial fraction of total primary production (Baines &  Pace 1991, Nagata 
2000) and plays an important role in food web interactions as a source of labile material to 
fuel bacterial growth (Cole et al. 1982, Fogg 1983, Norrman et al. 1995). In spite of its 
importance, DOCp is not a routine measurement in most field studies and, as a result, general 
patterns relating phytoplankton community composition, size structure, total productivity and 
DOCp have been difficult to establish (Nagata 2000).  
Phytoplankton DOCp can originate from the passive diffusion of low molecular weight 
compounds through the cellular membrane, but may also represent an adaptive process to 
cope with high light and low nutrient conditions (Fogg 1983, Wood &  Van Valen 1990). 
These mechanisms are not mutually exclusive and can operate concurrently, but have 
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different implications. In the former case, DOCp will tend to be persistent whatever the 
growth conditions, although a higher relative importance of DOCp could be expected when 
small cells dominate the community, due to their higher surface/volume ratio (Bjørnsen 1988, 
Kiørboe 1993). In the latter case, phytoplankton, by maintaining their full photosynthetic 
capacity, can prevent photochemical damage and avoid any lag period in resuming carbon 
fixation when nutrients become available (Fogg 1983, Wood &  Van Valen 1990). This 
mechanism would result in increased relative importance of DOCp during oligotrophic 
conditions.  
While some analyses have suggested that the percentage of DOC extracellular release 
[PER=100*DOCp/(DOCp+POCp)] is a relatively constant value [e. g., 13% in (Baines &  
Pace 1991), 20% in (Marañón et al. 2005)], variable PER data are recorded in the literature. 
Mean PER values in coastal and open ocean waters typically range between 10 and 30% 
(Fogg 1983, Karl et al. 1998, Teira et al. 2001, Morán et al. 2002), with most of the higher 
values being measured in oligotrophic environments (Obernosterer &  Herndl 1995, Teira et 
al. 2001). The differences found in PER among contrasting systems suggest the existence of a 
relationship between DOCp and phytoplankton community structure. Although some studies 
have found significant positive relationships between PER and the relative importance of 
picophytoplankton (Malinsky-Rushansky &  Legrand 1996, Teira et al. 2001, Morán et al. 
2002), others have found no relationship between PER and phytoplankton cell size (Finkel 
1998, Marañón et al. 2004). The variability of DOCp in marine waters has rarely been 
addressed in conjunction with a detailed analysis of phytoplankton species composition 
(Lancelot 1983). As a result, it is unclear if changes in the dominant phytoplankton groups are 
also associated with differences in the importance of DOCp. 
Work with laboratory cultures has shown that phytoplankton respond to nutrient 
limitation with increased synthesis of extracellular organic compounds such as carbohydrates 
(Myklestad 1977, Lancelot 1983, Borsheim et al. 2005). In this regard, a higher PER has been 
reported for cells growing under phosphorus or nitrogen limitation (Obernosterer &  Herndl 
1995). However, the evolution of PER during the different growth stages of a given 
phytoplankton community, and under contrasting oceanographic conditions, has not yet been 
determined. 
The Ría de Vigo (NW Iberian Peninsula) is a productive ecosystem characterised by a 
seasonal cycle of upwelling events between April and October, a downwelling period from 
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October to March (Nogueira et al. 1997), and a transient period between the two phases. 
Blooms are dominated by diatoms in spring and by dinoflagellates in autumn (Tilstone et al. 
1994, Crespo et al. 2006). During the upwelling season, the phytoplankton community is 
dominated by microphytoplankton (>20 µm) (Cermeño et al. 2006), and euphotic zone 
integrated primary production rates can reach 1-2 gC m-2 d-1 (Tilstone et al. 1999). A shift in 
phytoplankton size structure is observed during downwelling events, when pico (<2 µm) and 
nano (2-20 µm) phytoplankton increase their contribution to total biomass. During this period, 
plankton community respiration accounts for more than 80% of the primary production, thus 
most of the organic matter is remineralized within the water column (Cermeño et al. 2006). 
The marked seasonal and short-term variability of the Ría de Vigo makes it an excellent 
scenario to test if the relative importance of DOCp varies among the different phytoplankton 
communities that exist under the different hydrographic conditions. 
 Our experimental approach was to collect distinct phytoplankton assemblages 
characteristic of four contrasting oceanographic periods throughout the year and monitor their 
dynamics during 9-day long mesocosm experiments. This approach ensured that we studied a 
wide range of phytoplankton communities in terms of physiological state, species 
composition and size structure. Our main objectives were: i) to determine if the relative 
importance of DOCp changes during the different growth phases of natural phytoplankton 
assemblages and ii) to assess if variations in the taxonomical composition of the 
phytoplankton community, associated with different hydrographic conditions during the year, 
result in changes in the relative contribution of DOCp to total primary production.
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2.3 Methods 
2.3.1 Sampling and experimental setup 
Mesocosm experiments were conducted in the Ría de Vigo during March 2005, July 
2005, September 2005 and January 2006, thus covering four relevant hydrographic periods of 
this ecosystem: spring bloom, summer stratification, autumn upwelling and winter mixing. In 
each experiment, polyethylene bags of 3.5 m3 in volume (1.5 m in diameter and 2 m deep) 
were filled at a central station of the Ría de Vigo (42º 14.09´N, 8º 47.18´W). The bags were 
gently filled from their bottom with seawater passing through a 200-µm mesh, in order to 
exclude mesozooplankton. Once they were filled, a diver closed the bags with a stopper at the 
bottom. Afterwards, they were transported to a sheltered bay where they were attached to a 
pontoon. The bags were open from the top and therefore the enclosed seawater was subjected 
to natural irradiance conditions. 
Two mesocosms (true replicates) were used in the March and July experiments, 
whereas in the September and January experiments three bags were filled. Each experiment 
lasted nine days and samples were taken every day during the first five days, and thereafter 
every two days. Daily sampling was conducted at 08:00 hours using 1.5-m long methacrylate 
tubes, which were filled in a vertical position in order to sample the upper half of the water 
mass enclosed in each mesocosm. The water was gently dispensed into 10-L polycarbonate 
carboys, which were then carried to the laboratory, where small volume samples were 
collected for each particular analysis.  
2.3.2 Inorganic nutrients and size-fractionated chlorophyll a 
Water samples for nutrients were collected into 50-mL polyethylene bottles and kept 
frozen (-20ºC) until determination using standard segmented-flow analysis with colorimetric 
procedures (Grasshoff et al. 1983). For the determination of size-fractionated chlorophyll a 
(Chl-a) concentration, 250-mL samples were filtered sequentially through polycarbonate 
filters of 20, 2, and 0.2 µm pore size, using low vacuum pressure (<100 mmHg). Pigment 
extraction was carried out by placing the filters in 90% acetone for 24h at -20ºC. Chl-a 
concentration was determined fluorimetrically using a Turner-TD-700 fluorometer previously 
calibrated with pure Chl-a. 
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2.3.3 Phytoplankton community composition and biomass  
Picophytoplankton abundance was determined in 1.8 mL samples, fixed with 
paraformaldehyde (1% final concentration) and glutaraldehyde (0.05% final concentration), 
using a FACSCalibur flow cytometer (Calvo-Díaz &  Morán 2006). Carbon biomass was 
estimated assuming a spherical shape and using volume-to-carbon conversion factors: 230 fg 
C µm-3 for Synechococcus, 240 fg C µm-3 for Prochlorococcus and 237 fg C µm-3 for 
picoeukaryotes (Worden et al. 2004). For the analysis of nanophytoplankton, subsamples of 
10 mL were fixed with buffered 0.2-µm filtered formaldehyde (2% final concentration) and 
then filtered through 0.2-µm black Millipore-Isopore filters placed on top of 0.45-µm 
Millipore backing filters. Epifluorescence microscopy was used to determine autotrophic 
organisms, which were enumerated under blue light excitation. It was assumed that all 
organisms showing red autofluorescence when excited with blue light were autotrophic, even 
though mixotrophic organisms are not correctly identified with this technique. Dimensions 
were taken for several individuals and cell volumes were calculated assuming a spherical 
shape or after approximation to the nearest geometrical shape (Hillebrand et al. 1999). Cell 
carbon was estimated following Verity et al. (1992) for nanoflagellates and Strathmann 
(1967) for small naked dinoflagellates belonging to the nanoplankton size fraction. 
For microphytoplankton determinations samples of 100 mL preserved in Lugol’s 
iodine were sedimented in composite sedimentation chambers and observed with an inverted 
microscope. The organisms were counted and identified to the species level when possible. 
The small species were enumerated from two transects scanned at ×400 and ×250, whereas 
the larger species were counted by scanning the whole slide at ×100. Phototrophic and 
heterotrophic species of dinoflagellates, flagellates and ciliates were differentiated following 
Lessard &  Swift (1986) and also using epifluorescence microscopy. Cell biovolumes were 
estimated according to Hillebrand et al. (1999) and cell carbon calculated following 
Strathmann (1967) for diatoms and dinoflagellates, Verity et al. (1992) for flagellates and Putt 
&  Stoecker (1989) for aloricate ciliates. All organisms containing chloroplasts were assumed 
to be autotrophic. Dinoflagellates and ciliates <20 µm as well as single diatoms <20 µm 
counted with this technique were assigned to the nanoplankton fraction. 
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2.3.4 Photosynthetic production of POC and DOC 
The production of particulate organic carbon (POCp) and dissolved organic carbon 
(DOCp) was determined carrying out in situ (SIS) incubations with the radioisotope 14C. We 
used incubators that were cooled with running seawater from the laboratory’s continuous 
supply. The incubator was located on the terrace of the Instituto de Investigaciones Marinas 
and the experiments were thus conducted under natural irradiance conditions. For each 
sample, three light and two dark acid-washed Pyrex glass bottles (50-mL) were filled and 
spiked with 10 µCi of NaH14CO3. At the end of the incubation, which lasted 2-3 hours, two 5-
mL aliquots from each incubation bottle were filtered through 0.2-µm pore size polycarbonate 
filters of 25-mm in diameter using low vacuum pressure (< 50 mmHg) to avoid cell breakage 
and the loss of particulate, labelled material into the filtrate. Previous experiments conducted 
with the same method strongly indicate that the filtration procedure used does not cause cell 
breakage (Marañón et al. 2004). 
To remove the inorganic 14C that was not incorporated into the cells, the filtrates were 
acidified to a pH of ~2 with 100 µl of 50% HCl, and then maintained for ~12 h in 20-mL open 
scintillation vials placed on an orbital shaker. After inorganic 14C removal, 10-mL of high 
sample capacity scintillation cocktail were added to each 5-mL filtrate. The inorganic 14C 
present in the filters was removed by exposing them to concentrated HCl fumes for 12 h. The 
filters were then placed in 5-mL scintillation vials to which 4 mL of scintillation cocktail were 
added. The radioactivity in each sample was determined in a Packard Tri-Carb 3100TR 
scintillation counter which used the external standard method for quenching correction. The 
dark bottle value of disintegrations per minute (DPM) was subtracted from the light bottle 
DPMs in order to calculate the rates of DOC and POC production. In all calculations, we used 
a value of 25,700 mgC m-3 for the concentration of dissolved inorganic carbon and a value of 
1.05 for the isotopic discrimination factor. 
2.3.5 Bacterial production 
Bacterial heterotrophic production was estimated using the 3H-Leucine method (Kirchman 
et al. 1985) but in Eppendorf vials which were processed by centrifugation and trichloroacetic 
acid [TCA] rinsing. Four replicates of 1.2 mL were taken for each mesocosm as well as two 
TCA-killed controls. The Leucine tracer was added at a 40 nM final concentration in 
incubations lasting approximately 2 h at in situ temperatures and in dark conditions. The 
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incorporation was stopped with the addition of 120 µL of cold 50% TCA to the samples 
which, after mixing, were kept frozen at -20ºC until processing by the centrifugation method 
(Smith &  Azam 1992). The samples were counted on a Beckman scintillation counter, 24 h 
after addition of 1 mL of scintillation cocktail. To convert Leucine uptake rates to BP we 
determined empirical conversion factors in each season in two replicate experiments. We 
gently filtered seawater from the mesocososms through 0.6 µm polycarbonate filters 
(Millipore, DTTP) in order to remove predators. Then, we diluted the water (1:9) with 0.2 µm 
filtered (Millipore, GTTP) seawater and incubated the mixture in 2-L acid-clean 
polycarbonate bottles in the dark in a room adjusted to the in situ temperature.  Subsamples 
were taken for Leucine incorporation and bacterial abundance measurements at every 12-24 h 
until bacteria reached the stationary growth phase. The amount of biomass produced per unit 
Leucine incorporated was computed with the cumulative method (Bjørnsen &  Kuparinen 
1991), which maximizes the use of the available data. The obtained empirical factors were: 
1.2 kgC mol Leu-1 (March 2005), 0.18 kgC mol Leu-1 (July 2005), 0.28 kgC mol Leu-1 
(September 2005) and 0.95 kgC mol Leu-1 (January 2006). Bacterial carbon demand (BCD) 
was calculated by adding the measured BP rates and estimates of bacterial respiration (BR). In 
order to compute BR, bacterial growth efficiency (BGE) was estimated with two different 
models. The model proposed by del Giorgio and Cole (1998) is based on bacterial production 
[BP].  
BGE= (0.037+ 0.65BP)/(1.8+BP) 
whereas the model of López-Urrutia and Morán (2007) is based on chlorophyll a 
concentration (Chl-a): 
BGE= 1-[1/(0.727 × [Chl-a/(Chl-a + 4.08)] + 1.02)] 
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2.4 Results 
2.4.1 Nutrients, chlorophyll a and phytoplankton biomass  
The initial conditions of each experiment reflected the seasonal variability in the 
hydrodynamic conditions of the Ría de Vigo. In March 2005, the high nutrient concentrations 
(Table 2.1) allowed the development of a phytoplankton bloom. Chl-a concentration in this 
experiment reached more than 12 mg m-3 (Fig. 2.1), and the phytoplankton community was 
dominated by diatoms (82%) (Table 2.2). In July, the warm temperatures (21º C) and low 
nutrient concentrations indicated that a marked thermal stratification of the water column was 
present at the time of sampling. Lower Chl-a concentrations (2 mg m-3) were measured (Table 
2.1), but the relative contribution of diatoms to the total biomass was still large (77%) (Table 
2.2).  
Table 2.1. Mean initial values for temperature (ºC), salinity, nutrient concentration (µmol kg-
1) and chlorophyll-a concentration (mg m-3) on each experiment. Standard deviation is 
indicated in parenthesis. 
 
Figure 2.1. Chlorophyll-a concentration during the mesocosm experiments conducted in 
March, July and September 2005 and January 2006 
 March 2005 
(n=2) 
July 2005 
(n=2) 
September 2005 
 (n=3) 
January 2006 
(n=3) 
Temperature  11 (0) 21 (0.1)  15 (0)  12 (0)  
Salinity  35.5 (0.02)  35 (0.03)  35.7 (0.01) 35.6 (0.01)  
DIN(NO3+NO2+NH4) 4.4 (0.08) 0.6 (0.11) 5.7 (0.73) 7.7 (0.44) 
PO4  0.5 (0.01)  0.1 (0)  0.4 (0.1)  0.5 (0.04)  
SiO4  3.2 (0)  0.5 (0.1)  0.4 (0.1) 3.7 (0.15) 
Chl-a  3 (0.5)  2 (0) 10 (2)  0.5 (0.03)  
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Table  2.2. Mean biomass contribution of the different phytoplankton groups and percentage 
of extracellular release ([PER=100*DOCp/(DOCp+POCp)]) for each experiment. Standard 
deviation is indicated in parenthesis (n = 7 for all experiments).  
 
The low temperature and high nutrient concentrations observed at the beginning of the 
September experiment (Table 2.1) corresponded to the well-documented upwelling events 
that occur in Ría de Vigo from April to October. The decay of a bloom was observed during 
this experiment: Chl-a concentrations decreased from >10 mg m-3 on the first two days of the 
experiment to <1 mg m-3 (Fig. 2.1), and the biomass was dominated by diatoms (62%) and 
autotrophic dinoflagellates (25%) (Table 2.2). A markedly different phytoplankton 
community structure was observed during the January experiment, when the biomass was 
dominated by flagellates and picophytoplankton (Table 2.2). The high nutrient concentration 
and low Chl-a concentration (Table 2.1) reflected the low light conditions and the strong 
vertical mixing that are characteristic of the winter season in the Ría de Vigo.
2.4 2 Dissolved and particulate organic carbon production 
 The variability in both POCp and DOCp showed similar patterns to those observed in 
Chl-a concentration (Fig. 2.2). POCp was lower in July (<10 mgC m-3 h-1) and January (<1 
mgC m-3 h-1) than during the March and September experiments, when values above 50 mgC 
m-3 h-1 were recorded during the peak of the phytoplankton bloom. The variability in DOCp 
differed from that of POCp in the March experiment, when no clear maximum was observed 
(Fig. 2.2). High rates of DOCp (>30 mgC m-3 h-1) were measured in September during the 
upwelling season experiment. A highly significant relationship was found between POC and 
DOC production rates (R2=0.71, p<0.001, n = 70, Fig. 2.3).  The slope of the regression line 
(Model II) between the logarithms of DOCp and POCp was not significantly different from 1 
(Clarke test, P = 0.9), indicating that the relative contribution of DOCp to total primary 
% March  2005 July 2005 September 2005 January 2006 
Diatoms (>20 µm) 82 (4) 77 (9) 62 (25) 5 (6) 
Autotrophic dinoflagellates 
(>20 µm) 10 (3) 16 (6) 25 (21) 48 (12) 
Autotrophic nanoflagellates  6 (2) 4 (2) 10 (7) 29 (7) 
Picophytoplankton 2 (2) 3 (2) 3 (1) 18 (8) 
PER 13 (5) 23 (6) 23(7) 17 (4) 
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production did not change across the range of POCp. No clear pattern of temporal variability 
in the percentage of extracellular release (PER) was found during the experiments (Fig. 2.2). 
 The mean PER was 19% (SD, 9), with the lowest value found in March (13% [SD, 5]) 
(Table 2.2). There were no significant differences in PER between experiments (RMANOVA, 
P = 0.3) (Table 2.2). Similarly, we found no association between the changes in taxonomic 
composition and the PER values (Table 2.2). We grouped all our observations into three 
groups according to the measured Chl-a concentration (<1 mg m-3, 1-4 mg m-3 and >4 mg m-
3) in order to assess if PER changed with phytoplankton standing stocks (Table 2.3). POCp 
and DOCp increased progressively in groups with higher Chl-a concentration, and the size 
structure also changed significantly: in low Chl-a samples the pico- and nano-phytoplankton 
size classes showed the largest relative contribution (32 and 39%, respectively), whereas in 
high Chl-a samples the microphytoplankton was clearly dominant (84%). In contrast, PER did 
not show any significant differences between groups of samples (ANOVA, P =0.01). 
 
Figure 2.2. Particulate (POCp) and dissolved primary production (DOCp) rate and the 
percentage of extracellular release (PER) during each mesocosm experiment. 
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Table 2.3. Mean values of the contribution of each phytoplankton size class to total Chl-a 
concentration, the rates of POCp and DOCp (mgC m-3 h-1), and the percentage of extracellular 
release (% PER) for three groups of samples having different Chl-a concentrations (mg m-3). 
Standard deviation is indicated in parenthesis. 
Chl-a concentration range (mg m-3) <1 (n = 24) 1-4 (n = 29) >4 (n = 17) 
>20 µm (%) 29 (19) 59 (14) 84 (9) 
2-20 µm (%) 39 (8) 29  12 (7) 
0.2-2 µm (%) 32 [15] 12 (6) 4 (3) 
POCp 2 (0.3) 10 (7) 44 (25) 
DOCp 0.4 (0.2) 3 (2) 9 (13) 
PER (%) 20 (8) 20 (9) 15[11] 
 
 
 
Figure 2.3. Relationship between (POCp) and dissolved organic carbon production (DOCp) 
with all pooled measurements.  
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In order to determine if dissolved primary production was favoured during the decaying 
phase of the phytoplankton bloom, we compared the measurements conducted in the 
exponential growth versus the senescent phases of the March and September experiments. 
The first three days of the March experiment and the first two days of the September 
experiment were considered as belonging to the exponential growth phase. The last two days 
from both experiments were considered for the senescent phase. Clear differences between the 
exponential and the senescent phases were observed (Table 2.4).  
Table 2.4. Mean nutrient concentration (µmol kg-1), particulate and dissolved organic 
carbon production (POCp and DOCp) (mgC m-3 h-1), the percentage of extracellular release 
(PER), chlorophyll-a concentration (mg m-3), and the biomass contribution (%) of different 
phytoplankton groups during the exponential (n = 5) and senescent phases (n = 4) of the 
March and September experiments. Standard deviation is indicated in parenthesis. 
 
 
 
 
 
 
 
 
 
 
The exponential phase was characterized by higher concentrations of dissolved 
inorganic nitrogen and phosphate and by higher phytoplankton biomass, as inferred from the 
Chl-a concentrations. Changes in phytoplankton community also occurred, with diatoms 
clearly dominating during the exponential phase but sharing dominance with pigmented 
dinoflagellates during the senescent phase. Rates of POCp and DOCp also decreased during 
the senescent phase, while PER showed a significant increase (ANOVA, P = 0.02) from a 
mean value of 14% (SD, 10) in the exponential phase to a mean value of 23% (SD, 10) during 
the senescent phase (Table 2.4). 
 Exponential Senescent 
DIN (NO3+NO2+NH4) 2.9 (0.8) 0.8 (0.3) 
SiO4 1.1 (1.2) 1.0 (0.3) 
PO4 0.4 (0.1) 0.2 (0) 
Chl-a 12 (6) 3 (4) 
POCp 45 (12) 4 (5) 
DOCp 9 (5) 1 (0.4) 
PER 14 (10 ) 23 (10) 
Diatoms (>20 µm) 81 (16) 54 (31) 
Autotrophic dinoflagellates (>20 µm) 9 (4) 34 (25) 
Autotrophic nanoflagellates  6 (3) 10 (8) 
Picophytoplankton 4 (1) 1 (1) 
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2.4.3 Dissolved organic carbon production and bacterial carbon demand (BCD) 
In order to assess whether photosynthetic DOCp was the main source of organic matter 
for bacteria, bacterial carbon demand (BCD) was calculated from measurements of bacterial 
production. There was a lack of correlation between DOCp and BCD, irrespective of the 
model used to estimate the BGE (Fig. 2.4). However, the dispersion of the BCD data points 
changed between these two models. Changes in BCD between experiments were more evident 
when the model of López-Urrutia and Morán was used, as this model is based on Chl-a 
concentration. During the January experiment, BCD clearly exceeded DOCp, indicating that 
phytoplankton exudation was not sufficient to sustain the bacterial metabolism. The opposite 
occurred during the July experiment, when in most cases DOCp was larger than BCD. 
However, the overall lack of correlation between these variables suggests that bacterial 
metabolism and phytoplankton exudation are largely uncoupled in this coastal ecosystem. 
 
Figure 2.4. Relationship between DOCp and bacterial carbon demand (BCD). To compute 
BCD, bacterial growth efficiency was estimated with models of (a) del Giorgio and Cole 
(1998) and (b) López-Urrutia and Morán (2007). See methods for details. 
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2.5 Discussion 
2.5.1 Seasonal variability in phytoplankton community structure and DOCp 
The different environmental conditions present in the Ría de Vigo prior to each 
experiment resulted in differences in phytoplankton biomass, community structure and 
productivity. During spring (March experiment), the confinement of nutrient-rich seawater 
allowed the development of a phytoplankton bloom, dominated mostly by large cells 
(diatoms), which are characteristic of high turbulence and increased nutrient conditions 
(Malone 1980, Chisholm 1992, Falkowski &  Oliver 2007). The summer (July) and autumn 
(September) experiments showed the shift from low nutrients and chlorophyll a concentration 
typical of a stratification event in the Ría (Nogueira et al. 1997) to higher nutrients and 
biomass, which was dominated by microphytoplankton and nanophytoplankton, characteristic 
of a coastal upwelling event (Cermeño et al. 2006). In January, when high nutrient 
concentrations were available, the low phytoplankton standing stocks and primary production, 
together with the increased importance of pico- and nano-phytoplankton, could be attributed 
to the low incident irradiance and the enhanced vertical mixing of the water column. Low 
irradiance conditions limit more strongly the metabolic activity of large phytoplankton, which 
suffer a stronger package effect than the pico- and nano-phytoplankton (Finkel et al. 2004, 
Cermeño et al. 2005). As a result, pico- and nano-phytoplankton may contribute up to 70% of 
total phytoplankton biomass and particulate primary production during winter (Cermeño et al. 
2006). 
In spite of this wide variability in hydrographic conditions and the ensuing changes in the 
composition of phytoplankton assemblages, a relatively constant PER value of, on average, 
19% (SD, 9) was found. When we pooled all our data, we found that the slope of the 
regression line between log POCp and log DOCp was not significantly different from 1, 
indicating a constant PER across the productivity range considered. In addition, we did not 
find significant differences in mean PER among seasons. Our results agree with the mean 
PER value reported before (19%, SD 1) for the Ría de Vigo, in a study which included 25 
vertical profiles of particulate and dissolved primary production obtained throughout a year 
(Marañón et al. 2004), and also with the value of 15% reported for a coastal station located 
further North in the NW Iberian Peninsula (Teira et al. 2003). Another study conducted 
mainly in shelf waters off the Ría de Vigo but including also some measurements from the 
Ría, reported lower mean PER values (9% in spring and 6% in late summer) (Morán et al. 
 29 
 
2002). Overall, these results confirm that the release of DOC is a significant fraction of 
primary production in coastal, productive waters, irrespective of phytoplankton productivity 
and species composition. 
2.5.2 DOCp and size structure 
There are physiological reasons to expect an effect of phytoplankton size structure on the 
relative importance of DOCp. The increased surface to volume ratio of small cells should 
favour a higher diffusion of small molecular weight compounds through the membrane 
(Bjørnsen 1988, Kiørboe 1993). In fact, increased PER values have been reported for cultures 
of small sized phytoplankton (Malinsky-Rushansky &  Legrand 1996). In contrast, Finkel 
(1998), using a set of 8 diatoms species, ranging >5 orders of magnitude in cell volume, did 
not find any size dependence on the volume- or carbon-specific exudation rates. In our study, 
we did not observe any relationship between PER and size structure, not even in the January 
experiment, when the relative importance of picophytoplankton was much larger. Our results 
suggest that the observed increase in PER in oligotrophic environments such as the Atlantic 
subtropical gyres (Teira et al. 2001), where picophytoplankton are dominant both in terms of 
biomass and production (Marañón et al. 2001), may not necessarily reflect a direct effect of 
phytoplankton cell size on exudation, but result from the very low nutrient concentrations 
prevailing in these regions, which are strongly limiting for phytoplankton production and 
growth. 
2.5.3 DOCp and bloom development 
It is now established that extracellular release of recent photosynthate is a normal 
function of healthy cells, and that it is a process closely related to photosynthetic carbon 
assimilation (Mague et al. 1980, Bjørnsen 1988, Nagata 2000). However, it has also been 
observed that high percentages of release are often associated with particular conditions 
experienced by the phytoplankton. These include very high or very low irradiances and abrupt 
changes in nutrient concentrations (Fogg 1983, Nagata 2000). Several studies have shown 
increases in PER associated with the stationary phase after a phytoplankton bloom, when 
nutrients became scarce and limiting for growth (Norrman et al. 1995, Obernosterer &  
Herndl 1995, Nagata 2000). In our study, we did observe differences between the exponential 
and the senescent phases of the two phytoplankton blooms. The highest PER was found 
during the senescent period, when the concentration of dissolved inorganic nitrogen was low 
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and presumably limiting for phytoplankton growth. This observation supports the view that 
the release of dissolved photosynthate under nutrient limitation may serve as a mechanism to 
protect the cell’s photosynthetic machinery, whereby organic carbon is excreted during 
periods of energy excess and nutrient limitation. This mechanism would allow the cells to 
keep their photosynthetic metabolism active for rapid growth whenever nutrients become 
available again (Wood &  Van Valen 1990).  
2.5.4 Coupling between phytoplankton DOC release and bacterial production 
It has been estimated that nearly half of the daily photosynthetic production is released, 
through different mechanisms, as dissolved organic carbon that may be available for 
heterotrophic bacterial consumption (Nagata 2000). The importance of the photosynthetic 
production of DOC to fulfill the bacterial carbon demand (BCD) strongly depends on the 
trophic structure of the microbial plankton community and on the nature and magnitude of 
allochtonous sources of dissolved organic carbon (Morán et al. 2002, Borsheim et al. 2005). 
Our experiments were conducted in an ecosystem that sustains high standing stocks of 
phytoplankton and where intense microzooplankton grazing takes place (Teixeira &  
Figueiras 2009), which is likely to lead to an important production of labile DOC through 
egestion (Nagata 2000). In addition, allochtonous inputs of dissolved organic matter of 
continental origin have also been shown to be significant in this system (Álvarez-Salgado et 
al. 2001, Gago et al. 2005). However, the DOC of continental origin is mostly refractory and, 
therefore, should not support a significant portion of the estimated BCD. Consumption of 
previously produced labile DOC seems more plausible, as demonstrated by Álvarez-Salgado 
et al. (2001). Together, these processes may explain the lack of coupling between 
phytoplankton DOC release and bacterial metabolism.  
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2.6 Conclusions 
The release of recently fixed photosynthetic carbon appeared to be a relatively constant 
process in the Ría de Vigo, irrespective of hydrographic period, phytoplankton size structure 
and taxonomic composition. However, the relative importance of dissolved primary 
production did tend to increase during the decaying phase of phytoplankton blooms. Bacterial 
metabolism and phytoplankton exudation were largely uncoupled, indicating that additional 
sources of DOC, both autochthonous and allochthonous, are likely to be used by bacteria. On 
average, DOCp contributed 19% of total primary production, which illustrates the importance 
of dissolved primary production in a coastal, productive ecosystem. 
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Dissolved and particulate primary production along a longitudinal gradient 
in the Mediterranean Sea*  
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3.1 Abstract 
 We have determined the photosynthetic production of dissolved (DOCp) and 
particulate organic carbon (POCp) along a longitudinal transect in the Mediterranean Sea 
during the summer stratification period. The euphotic layer-integrated rates of DOCp and 
POCp ranged between approximately 50-130 and 95-210 mgC m-2 d-1, respectively, and 
showed an east to west increasing trend. For the whole transect, the relative contribution of 
DOCp to total, euphotic layer-integrated primary production (percentage of extracellular 
release, PER) averaged ~37% and did not show any clear longitudinal pattern. In spite of the 
relatively high PER values, the measured DOCp rates were much lower than the estimated 
bacterial carbon demand, suggesting a small degree of coupling between phytoplankton 
exudation and bacterial metabolism. Our results, when compared with previous measurements 
obtained with the same methods in several ecosystems of contrasting productivity, support the 
view that the relative importance of DOCp increases under strong nutrient limitation.  
 
3.2 Introduction 
 The production of dissolved organic carbon (DOCp), or dissolved primary production, 
is the fraction of the recently fixed carbon that is released to the extracellular medium in 
dissolved form. It represents a substantial fraction of total primary production (Baines &  Pace 
1991, Nagata 2000) and may be an important source of organic material to sustain 
heterotrophic bacterial growth (Cole et al. 1982, Fogg 1983). The production of dissolved 
organic carbon by phytoplankton can be explained as a consequence of at least two, non-
mutually exclusive mechanisms that can operate concurrently. Passive diffusion of low 
molecular weight compounds through the cellular membrane results in DOCp being 
persistent, whatever the growth conditions. However, a higher relative contribution of DOCp, 
with respect to the production of particulate organic carbon (POCp), could be expected when 
small cells dominate the community, due to their higher surface to volume ratio (Bjørnsen 
1988, Kiørboe 1993). DOCp can also result from an active process that takes place when cells 
experience high light and nutrient stress. Under these conditions, phytoplankton tend to 
maintain their full photosynthetic capacity and, as a result, prevent photochemical damage 
and maximize their growth rate by eliminating any lag period for resuming carbon fixation 
when nutrients became available (Fogg 1983, Wood &  Van Valen 1990). This latter 
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mechanism could be particularly relevant in surface waters of oligotrophic regions. In these 
environments, the percentage of extracellular release [PER = 100 × DOCp / (DOCp + POCp)] 
represents between ~20 and ~40% of total primary production (Fogg 1983, Karl et al. 1998, 
Teira et al. 2001).  
The Mediterranean Sea (MS) is a semi-enclosed basin which receives a continuous flow 
(1 ~Sv) from the Atlantic Ocean through the Gibraltar Strait (Béthoux &  Gentili 1999, Millot 
1999). The flow of nutrient-depleted, surface Atlantic water that enters the MS is 
counterbalanced by an outflow of relatively nutrient-enriched (Béthoux &  Copin-Montégut 
1986, Coste et al. 1988) intermediate and deep water (Millot &  Taupier-Letage 2005). This 
anti-estuarine circulation prevents an accumulation of regenerated nutrients in deeper layers, 
and, despite important atmospheric and terrestrial inputs, results in very low total nutrient 
concentrations, thus explaining the oligotrophic character of the basin (Azov 1991, Krom et 
al. 1991, Krom et al. 2010).  
The MS is characterized by a well-known west to east decrease in nutrient concentration, 
phytoplankton biomass and primary production (Moutin &  Raimbault 2002, Ignatiades et al. 
2009). This W-E increase in oligotrophy is evident in ocean colour-based distributions of 
chlorophyll a concentration (i.e. CSCZ, SeaWIFS) (Antoine et al. 1995, D'Ortenzio &  Ribera 
d'Alcalá 2009). Mean annual chlorophyll a concentrations, measured with SeaWIFS over a 
period of four years, ranged from 0.15 to 0.5 mg m-3 in most of the Western Basin (WB), with 
the exception of the Alboran region and the Tirrenian Sea, which in general shows the higher 
concentrations within the basin. The chlorophyll a concentrations detected within the Eastern 
Basin (EB) range  between 0.04-0.08 mg m-3, the southern area being the most oligotrophic 
(Bosc et al. 2004). Primary production estimates range between >100-250 gC m-2 y-1 in the 
WB and <65 to <250 gC m-2 y-1 in the EB (Antoine et al. 1995, Bricaud et al. 2002). Lower 
values (163 gC m-2 y-1and 121 gC m-2 y-1, respectively) were recently reported by Bosc et al. 
(2004). 
Both satellite and in situ data collected across the MS shows that the seasonal cycle of 
algal biomass and particulate primary production generally describes a maximum during late 
winter or spring, due to the intense mixing and homogenization of the water column, and a 
minimum during the summer stratification period (Moutin &  Raimbault 2002, Bosc et al. 
2004). High rates of POCp (> 400 to ~ 1000 mg C m-2 d-1) are reported during the winter 
period in some regions of the WB (i.e. Gulf of Lion, Alborán Sea, Catalan Balearic region) 
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(Morán &  Estrada 2001, Morán et al. 2001, Gaudy et al. 2003). During the stratification 
period, reported values range from 350-450 mgC m-2 d-1 for the WB to 150-~400 mgC m-2 d-1 
in the EB (Moutin &  Raimbault 2002) . While the spatial and temporal distribution of 
particulate primary production has been studied extensively in the MS, very few 
measurements of DOCp have been conducted. All the available information comes from the 
Western Basin, and the reported average PER values varies from 5-40% (Fernández et al. 
1994, Morán &  Estrada 2001, Morán et al. 2002, González et al. 2008). Therefore, little is 
known about the large-scale variability of DOCp along the Mediterranean Sea, its 
contribution to total primary production, and the extent to which dissolved primary 
production is coupled with bacterial production. 
Here we report on measurements of POCp and DOCp conducted during the BOUM cruise 
(June-July 2008) in three different regions in the Mediterranean Sea: the Levantine Region, 
the Ionian Sea and the Algero Provençal Region. Our main objectives were: (i) to quantify the 
contribution of DOCp to the total primary production and its spatial variability along a 
longitudinal gradient, (ii) to determine if PER changes depending on the productivity of the 
region and iii) to assess the extent to which DOCp can sustain the demands of organic carbon 
to fuel bacterial production. 
3.3 Methods 
3.3.1 Sampling 
Sampling was conducted during the BOUM (Biogeochemistry from the Oligotrophic to 
the Ultraoligotrophic Mediterranean Sea) cruise on board R/V L’ Atalante along an east to 
west transect from 16 June to 20 of July 2008. During the BOUM cruise, hydrological, 
biological and chemical variables were studied at 30 stations. Intensive, 4-day sampling was 
conducted in the Algero-Provençal basin (stations A), the Ionian Sea (stations B) and the 
Levantine basin (stations C). Sampling took place at the center of anticyclonic gyres, where 
horizontal advection was expected to be minimum. For a full descriptions of the sampling 
strategy and the acquisition of complementary physical and chemical variables see Moutin et 
al. (2010). 
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3.3.2. Particulate and dissolved primary production  
For primary production experiments, water samples were taken at six fixed depths in the 
upper 200 m of the water column using a multi-sampler/carousel rosette system equipped 
with 12L Niskin bottles. . Sampling was conducted between 02:00 and 07:00 am local time. 
Vertical profiles of primary production were obtained at 12 stations (Fig. 3.1), covering the 
Levantine Basin, the Ionian Sea and the Algero-Provençal Basin. We carried out 6 in situ and 
6 simulated in situ (SIS) incubations to determine the rates of dissolved (DOCp) and 
particulate (POCp) organic carbon production by phytoplankton. SIS incubations were done 
in an on-deck incubator equipped with a set of blue and neutral density filters that reproduced 
six different light levels from 100% to 1%, to ensure we incubated samples approximately 
under the irradiance level that was recorded at the sampling depth. All incubators were cooled 
by recirculating surface water.   
 
Figure 3.1. Map of the sampled stations. POCp and DOCp measurements were conducted in a 
total of 12 stations along the BOUM transect. Three stations were occupied inside the 
anticyclonic eddies sampled in each region (A,B,C), two in the Ionian Sea, and one on the 
Levantine basin. 
 Immediately after collection of seawater samples from each sampling depth, three 
light and two dark acid-washed, polystyrene cell culture bottles (70-mL) were filled with the 
sample, spiked with 10-20 µCi of NaH14CO3, and incubated for 24 hours. At the end of the 
incubation period, two 5-mL aliquots from each incubation bottle were filtered through 0.2-
µm polycarbonate (PC) filters (25 mm in diameter) using low vacuum pressure (< 50 mm 
Hg). After being acidified to a pH of ~2 with 100 µL of 50% HCl, filtrates were maintained 
overnight in open scintillation vials (20- mL) placed on an orbital shaker. After inorganic 14C 
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removal, 15 mL of a high-sample capacity scintillation cocktail were added to each filtrate. 
The inorganic 14C present in the filters was removed by exposing them to concentrated HCl 
fumes for 12 h. The filters were then placed in scintillation vials (4-mL) to which 3.4 mL of 
Packard Ultima Gold XR scintillation cocktail was added. The radioactivity on each sample 
was determined on a Tri-Carb 3100TR scintillation counter. To calculate the rates of DOC 
and POC production, the black bottle DPM’s (disintegrations per minute) were subtracted 
from the light bottle DPM’s. We used a value of 25700 mgC m-3 for the concentration of 
dissolved inorganic carbon and a value of 1.05 for the isotopic discrimination factor. We are 
aware that an important heterotrophic removal of DOC (on average, 30-50%) might have 
occurred during the incubation period (Fernández et al. 1994, Morán &  Estrada 2002). For 
that reason, the results we report must be regarded as net production rates.  
3.3.3. Bacterial carbon demand 
Bacterial carbon demand (BCD) was calculated by adding the measured bacterial 
production rates [BP] (Van Wambeke et al. 2010) and estimates of bacterial respiration (BR). 
In order to compute BR, the amount of new bacterial biomass produced per unit of organic C 
substrate assimilated [bacterial growth efficiency, BGE= BP/(BP+BR)], was estimated with 
two different models. The first model used is based on bacterial production (del Giorgio &  
Cole 1998): 
BGE = (0.037 + 0.65 BP) / (1.8 + BP) 
 
The second model is based on chlorophyll a (Chl-a) concentration (López-Urrutia &  Morán 
2007): 
BGE = 1- [1 / (0.727 × [Chl-a / (Chl-a + 4.08)] + 1.02). 
3.4 Results 
3.4.1 General oceanographic setting 
During the BOUM cruise, the west to east increase in oligotrophy that characterizes 
the Mediterranean Sea was observed. Sea surface temperature ranged between <24ºC in the 
western basin to >26ºC in the eastern side (Moutin et al. 2010). Nutrient concentrations were 
close to the detection limit in the upper layers (above the top of the termocline), being higher 
on the western side of the basin (Pujo-Pay et al. 2010), where higher pigment concentrations 
and primary production rates were also observed. A deep chlorophyll maximum (DCM) was 
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observed throughout the study (Crombet et al. 2010). The DCM was located near the base of 
the euphotic zone (1% photosynthetically active radiation, PAR), and its value ranged from 
>0.5 mg Chl-a m-3 in the most western stations to < 0.5 mg Chl-a m-3 in the Levantine region. 
On average, the depth of the euphotic zone was 83 m in the western stations (A group), 103 m 
in the stations sampled in the Ionian Sea (B group), and 102 m for the stations sampled in the 
Levantine region (C group) (last calculation by L. Prieur, in Moutin et al., 2010). In most of 
the sampled stations, total phytoplankton biomass (as estimated from Chl-a) was dominated 
by picoplankton (0.2-2.0µm), excluding some stations where at some depths microplankton 
(mostly diatoms) gained importance (Crombet et al. 2010). Overall, the west to east gradient 
was also observed in terms of bacterial production, heterotrophic bacterial biomass, virus and 
heterotrophic nanoflagellates abundance. Although, for ciliates abundance the gradient was 
less pronounced (Christaki et al. 2010). 
3.4.2 Primary production along the longitudinal gradient 
 The longitudinal gradient along the MS showed a slight increase in production rates, 
from east to west, in both dissolved (DOCp) and particulate (POCp) primary production, and 
a decrease in the percentage of extracellular release (PER) (Fig. 3.2). Mean POCp rates varied 
from 182 (mgC m-2 d-1) in region A to 95 (mgC m-2 d-1) in region C, while DOCp changed 
from 80 (mgC m-2 d-1) to 55 (mgC m-2 d-1), respectively (Table 3.1). Total production (POCp 
+ DOCp) measured in the Eastern Basin inside the anticyclonic gyres (region B, C), was ~ 
150 mgC m-2 d-1 while a rate of 262 mgC m-2 d-1 was measured the Algero Provençal area 
(region A). In the Eastern Basin, outside the anticyclonic gyres, total production rates were > 
300 mgC m-2 d-1 in the Ionian Sea (stations 1 and 13) and 212 mgC m-2 d-1 in the Levantine 
Basin (station 9) (Table 3.1). When we compared vertical integrated production rates (mgC m-
2 d-1) inside the anticyclonic gyres (regions A, B, C), POCp and DOCp rates were not 
significantly different between them (Kruskall-Wallis H-test, N = 9, P = 0.07, P = 0.09, 
respectively).
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Figure 3. 2. Euphotic layer-integrated rates of particulate (POCp) and dissolved (DOCp) 
organic carbon production (mgC m-2 d-1) and the percentage of extracellular release (PER) 
along a longitudinal gradient in the Mediterranean Sea. 
Primary production rates (DOCp and POCp) inside the anticyclonic gyres were 
characterized by a general decrease in production rates with depth, especially in two of the 
tree profiles measured in region A (Fig. 3.3). Surface POCp rates ranged between  2.5 mgC 
m-3 d-1 in the WB to < 1.5 mgC m-3 d-1 in the EB, while DOCp rates range between ~1.5 mgC 
m-3 d-1 to ~0.5 mgC m-3 d-1, respectively. In general, DOCp and POCp tended to covariate 
within the water column. No clear pattern was observed in the vertical variability of PER 
profiles (Fig. 3.3), and the mean PER in the water column varied from 30% in the group A 
stations to 37% for group C; nevertheless, no statistical difference was found between the 
groups (Kruskall-Wallis H-test, N = 9, P = 0.09) (Table 3.1), indicating that, overall, the 
fraction of DOCp to total primary production was relatively constant throughout the studied 
area. When possible, our volumetric POCp data were compared with POCp data measured at 
the same stations with the standard JGOFS protocol (Lagaria, pers. Comm, 2008). A highly 
significant correlation between the two types of measurements was found (r2= 0.59, P<0.001, 
N = 34, data not shown). On a small number of samples, POCp estimates obtained with the 
JGOFS protocol were higher than those obtained with our method, which measures both 
Longitude ºE
0 8 16 24 32 40
PE
R
 (%
)
0
10
20
30
40
50
60
PER
m
gC
 m
-2
 d
-1
0
50
100
150
200
250
300
POC 
DOC 
42 
 
POCp and DOCp. However, PER in these samples was not any higher than that measured in 
the other samples, which suggests that the occasional discrepancy between the two techniques 
was not a result of an overestimate of DOCp by our method. 
 
Table 3.1. Mean values of surface temperature (ºC), chlorophyll a concentration (Chl a) at the 
deep chlorophyll maximum (DCM), vertically integrated particulate (POCp) and dissolved 
primary production (DOCp), the percentage of extracellular release (PER), and total 
integrated primary production rates (PP).  
Standard deviation is indicated in parenthesis. 
 
Station Temperature  DCM Chl a 
(mg m-3) 
POCp 
(mgC m-2 d-1) 
DOCp 
(mgC m-2 d-1) 
PER 
(%) 
Total PP 
(mgC m-2 d-1) 
Region A (N = 3) 24.7 (0.3) 0.63 (0.15) 189 [72]  85 [43] 30 274 
Stn 13 26.7 0.26 208 130 38 338 
Region B (N = 3) 26.6 (0.3) 0.23 (0.08) 99(20) 54 (2) 35 152 
Stn 1 24.2 0.71 178 126  41 304 
Stn 9 24.4 0.28 130 82  39 212 
Region C (N = 3) 26.2 (0.1) 0.56 (0.17) 95 (16) 57 (1) 38 151 
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Figure 3.3. Vertical profiles of DOCp, POCp (mgC m-3 h-1), and PER from the stations 
sampled at regions A (Algero Provençal eddy), B (Ionian eddy) and C (Levantine eddy).
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3.3.3. Relationship between particulate and dissolved primary production 
The constancy in the relative contribution of dissolved primary production in our study 
was confirmed when the log-log relationship between the integrated and volumetric rates of 
DOCp and POCp were compared across all sections. A highly significant correlation was 
found between the logarithms of POCp and DOCp rates, both with volumetric (r2 = 0.84, P < 
0.001, N =  69, Fig 3.4 A) and integrated data (r2 = 0.74, P < 0.001, N = 12, Fig 4B). The 
slope of the regression line (Model II), in both cases, was not significantly different from 1 
(Clarke test, P = 0.42 and P = 0.97, respectively), indicating that the relative contribution of 
DOCp to total production (POCp + DOCp) did not change across the range of measured 
POCp. On average, the relative contribution of DOCp to total, euphotic layer-integrated 
primary production in our study was 37% (SD, 4).  
 
 
Figure 3.4. Log-log relationship between particulate (POCp) and dissolved organic carbon 
production (DOCp) with all pooled A) volumetric and B) euphotic layer-integrated 
measurements. In both A) and B), the slope of the regression line was not significantly 
different from 1 (Clarke test, P = 0.42 and 0.97 for volumetric and integrated data, 
respectively).  
In an attempt to relate the percentage of extracellular release to the changes in the size 
structure or changes in the taxonomic composition of the phytoplankton assemblages 
sampled, all volumetric values of PER were plotted against the percentage of Chl-a measured 
in the 0.2-2.0 µm and > 2.0 µm size classes (data not shown) and against the mean biomass 
contribution of different phytoplankton groups on each station. We did not find any 
relationship between PER and the size-partitioning of Chl-a nor between the relative 
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abundance of different phytoplankton groups (Synechococcus, Prochlorococcus, 
picophytoplankton, nanophytoplankton and microphytoplankton) and PER.  
3.4.3 Dissolved primary production and bacterial carbon demand (BCD)  
To explore if DOCp was an important source of organic matter for bacterial 
consumption, bacterial carbon demand (BCD) was calculated with different algorithms (see 
details in Methods). There was a significant correlation between the logarithms of DOCp and 
BCD obtained with bacterial growth efficiency (BGE) estimates based on bacterial production 
(r2= 0.45, P < 0.001, N = 68) (del Giorgio &  Cole 1998) (Fig. 3.5A) and with the model 
based on Chl-a concentration ( r2 = 0.50, P < 0.001, N = 48) (López-Urrutia &  Morán 2007) 
(Fig. 3.5B). However, in spite of the variability of BCD explained by DOCp (45% with the 
model proposed by Del Giorgio and Cole or 50% with the model proposed by López-Urrutia 
and Morán), which might suggest a certain degree of coupling between phytoplankton 
production and bacterial consumption, BCD was always considerably larger than the actual 
supply of dissolved compounds released by phytoplankton, irrespective of the model used to 
estimate BCD (Fig 3.5A, B). 
 
 
Figure 3.5. Relationship between DOCp and bacterial carbon demand (BCD). To compute 
BCD, bacterial growth efficiency was estimated with the models of (A) del Giorgio and Cole 
(1998) and (B) López-Urrutia and Morán (2007). See methods for details. 
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3.5 Discussion 
3.5.1. Particulate and dissolved primary production 
The Mediterranean Sea is often described as a system with a characteristic transition 
from oligotrophic conditions in the western basin to ultraoligotrophic conditions in the eastern 
basin. The region presents a marked seasonality, which determines the variability in primary 
production. During winter, when the Mistral wind begins, cooling of surface waters produces 
an intense mixing of the water column (Killworth 1976), which brings nutrients from deep to 
surface layers and allows the development of phytoplankton blooms (Morel &  André 1991, 
Estrada 1996). Low production rates are a common feature of the summer period in the MS. 
During this season, strong thermal stratification conditions prevail and nutrients become 
depleted in the upper layers (Marty et al. 2002), as observed during the BOUM cruise (Pujo-
Pay et al. 2010).  
The particulate production rates measured during this cruise were similar to those 
reported by Moutin &  Raimbault (2002). Dissolved primary production remained quite 
constant, and represented ~37% of total primary production along the gradient measured in 
the MS. Although, little information is available to compare our results with, and all existing 
data mostly come from the Western Basin (Fernández et al. 1994, Morán &  Estrada 2001, 
Morán et al. 2002, Alonso-Sáez et al. 2008), our results are within the range of PER values 
reported in the previous studies.  
3.5.2 Variability in the contribution of dissolved primary production 
It is often stated that DOCp gains importance under nutrient limited conditions (Fogg 
1983). In laboratory cultures, an increase in the relative importance of exudation has been 
observed in nutrient limited cells (Myklestad 1977, Lancelot 1983, Obernosterer &  Herndl 
1995, Borsheim et al. 2005). In oligotrophic environments, high PER values (Thomas 1971, 
Karl et al. 1998, Teira et al. 2001) and significant correlations between PER and the relative 
contribution of small cells have been reported (Teira et al. 2001, Morán et al. 2002). In spite 
of the high PER values found in this work (>35%), and the fact that the higher contribution to 
phytoplankton biomass was mainly due to pico and nanophytoplankton, we did not find any 
association between PER and the relative contribution to biomass of the different 
phytoplankton groups, which is consistent with previous analyses (Marañón et al. 2004, 
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López-Sandoval et al. 2010). There are physiological reasons to expect an effect of 
phytoplankton size structure on the relative contribution of DOCp. The increased surface to 
volume ratio of small cells should favor the passive diffusion of small molecular weight 
compounds through the cell membrane (Bjørnsen 1988, Kiørboe 1993). Nevertheless, the 
high PER values may also be the result of keeping the cellular machinery active when cells 
cannot complete the synthesis of macromolecules due to very low nutrient concentrations, 
characteristic of a system like the Mediterranean Sea, which limits phytoplankton production 
and growth. Furthermore, it has been reported that the exudation rate of DOC by 
phytoplankton under P-limiting conditions, such as the ones found in the Mediterranean Sea 
(Krom et al. 1991, Krom et al. 2010, Pujo-Pay et al. 2010), become more important than 
under N-limited conditions (Myklestad &  Haug 1972, Obernosterer &  Herndl 1995). The 
increase of DOCp rates as the N:P ratio increases might lead to an accumulation of the 
photosynthetically derived dissolved organic matter in surface waters of oliogotrophic areas 
(Karl et al. 1998). 
3.5.3. Dissolved primary production in contrasting environments 
The early perception that DOCp is not an important fraction of primary production, at 
least in productive waters such as coastal regions (Thomas 1971, Fogg 1983), has resulted in 
that routine DOCp measurements are not carried out. Baines and Pace (1991), in their review 
of 16 studies including lacustrine, marine and estuarine observations, concluded that the 
percentage of extracellular release represented 13% of total carbon fixation. However, PER 
data from both productive (~20%, reported by Marañón et al., 2004) and oligotrophic areas 
such as the MS [PER >35% in this work; 32 % reported by Fernández et al. (1994), >40% 
reported by Pugnetti et al. (2005), and values up to 45% reported by Alonso-Sáez et al. 
(2008)] or the Sargasso Sea (44%) (Thomas 1971), demonstrate that DOCp represents an 
important fraction of total production rates in all pelagic ecosystems. The lower PER value 
estimated by Baines and Pace (1991) may have been in part the result of the few marine and 
oligotrophic data that were included in the review, as well as methodological problems such 
as the use of glass fiber filters in DOCp measurements. It is now known that the use of glass 
fiber filters may lead to serious underestimations of DOCp rates since an important part of 
dissolved organic compounds tends to be adsorbed by these filters (Maske &  García-
Mendoza 1994, Karl et al. 1998, Morán et al. 1999). It is worthwhile noting that when the 
variability in DOCp is analyzed within the same ecosystem, the percentage of extracellular 
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release tends to remain rather constant both over space (as shown in the present study), and 
also over time, including seasonal and weekly scales (Marañón et al. 2004, López-Sandoval et 
al. 2010). 
When a larger data set which includes integrated data from widely contrasting 
environments (an ultraoligotrophic region, a temperate sea and a highly productive system) is 
considered (Fig. 3.6), the slope obtained from the log-log regression line between DOCp and 
POCp is not significantly lower than 1 (Clarke test, P = 0.18). This result implies that with 
this data set, no overall inverse relationship between PER and total primary production exists. 
Nevertheless, it is necessary to take into account that few data from very oligotrophic 
conditions were included (N =  12). Furthermore, the results obtained during the BOUM 
cruise showed that there is an increasing contribution of DOCp in oligotrophic ecosystems, as 
was already suggested in earlier studies (Anderson &  Zeutschel 1970, Thomas 1971, Berman 
&  Holm-Hansen 1974, Mague et al. 1980, Fogg 1983), and more recently reported by Teira 
et al. (2001) and Morán et al. (2002). This pattern may be related to the mechanisms involved 
in DOC exudation. 
  
Figure 3.6. Relationship between particulate (POCp) and dissolved organic carbon production 
(DOCp) with vertically integrated data from different ecosystems: The Mediterranean Sea 
(BOUM cruise, this study), NW Iberian Peninsula (Marañón et al. 2004), and the Celtic Sea 
(Marañón et al. 2005). The slope of the regression line for the overall dataset was not 
significantly different from 1 (Clarke test, P = 0.18).  
There is evidence suggesting that DOC release is a passive diffusion process, which is 
not directly related to the phytoplankton community structure (Marañón et al. 2004, López-
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Sandoval et al. 2010), might be enhanced under suboptimal conditions (Morán &  Estrada 
2001, Marañón et al. 2004, Marañón et al. 2005), and is persistent as long as there is an 
internal pool of recently synthesized metabolites (Mague et al. 1980). However, when data 
taken under extreme oligotrophic conditions are considered, it seems that DOC exudation may 
also be a mechanism to compensate the uncoupling between high energy (light) and low 
nutrients. This is likely to be an adaptation process that not only prevents photochemical 
damage, but also avoids the lag period when resuming carbon fixation after nutrient become 
available (Fogg 1983, Wood &  Van Valen 1990) 
3.5.4 Coupling between dissolved primary production and bacterial production. 
Our results showed that, irrespective of the model used to calculate bacterial growth 
efficiency (BGE), there was always a clear excess of bacterial carbon demand (BCD) over 
DOCp (between 5 to 14-fold higher). The BGE values calculated with the two models (2-
26%), are within the range reported for the NW Mediterranean Sea (DYFAMED station) 
during summer conditions (Lemée et al. 2002), and by Alonso-Sáez et al. (2008) during a 
monthly study (2001-2006) in Blanes Bay. The fact that phytoplankton DOCp was not able to 
supply all the carbon required by bacterial community has often been reported in the MS 
(Fernández et al. 1994, Van Wambeke et al. 2001, Pugnetti et al. 2005, Alonso-Sáez et al. 
2008), and suggest that additional DOC inputs, not belonging to the pool of recently 
photosynthesized matter, are needed to sustain bacterial production.  
It has been shown that when phytoplankton experience P-limitation of growth, such as 
is the case over large expanses of the Mediterranean Sea, exudation rates tend to increase 
(Obernosterer &  Herndl 1995). However, the quality of the released material may in turn 
affect the efficiency with which bacteria can use the dissolved substrates, and their 
metabolism can therefore be affected by the same P-limitation (Puddu et al. 2003). Low 
bacterial metabolic activity, due to poor quality of the material available, might lead to an 
accumulation of DOC in surface waters. This accumulation of DOC, which takes place in the 
MS during the summer (Copin-Montégut &  Avril 1993, Thingstad et al. 1998), has also been 
suggested as a P-limitation indicator in the North Pacific subtropical gyre (Karl et al. 1998). 
  The fact that the BCD estimated in this work was higher than the DOCp rates 
measured, suggest that there are other significant sources of labile DOC controlled by 
multiple trophic mechanisms. Phytoplankton cell lysis induced by viruses, or DOC released 
from grazers by egestion, excretion or incomplete cell consumption, can also be important 
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supplies of dissolved organic matter for bacteria (Nagata 2000). In oligotrophic environments, 
it is well known that the phytoplankton community is mostly dominated by small cells 
(Chisholm 1992, Raven 1998), which in turn are under tight grazing control by unicellular 
protists, as reported by Hagström et al. (1988) for the MS. Therefore, it is likely that grazing 
activity represents an important source of labile DOC ready to be consumed by heterotrophic 
bacteria.  
 
3.6 Conclusions  
Dissolved primary production is a relatively constant process in the Mediterranean Sea 
during the summer stratification period, represents an important fraction of total primary 
production (37% on average) and does not seem to be related to phytoplankton biomass or 
community structure. Although DOCp remained largely constant along the observed 
productivity gradient, when data from contrasting environments were compared a higher 
relative contribution of DOCp in very oligotrophic conditions was observed. DOCp was 
always much lower than bacterial carbon demand, indicating that additional sources of DOC 
are needed to sustain bacterial production in the Mediterranean Sea during summer 
oligotrophic conditions. 
  
 
Capítulo 4 
Exudation of organic carbon by marine phytoplankton: dependence on 
taxon and cell size* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
López-Sandoval, D. C., T. Rodríguez-Ramos, P. Cermeño, &  E. Marañón. 2013. Cell size- 
and taxon-dependence of organic carbon exudation in marine phytoplankton. Mar. Ecol. Prog. 
Ser. 477: 53-60. 
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4.1 Abstract 
 We determined the relationship between photosynthetic production of dissolved 
organic carbon (OC) and phytoplankton cell size and taxonomic composition in cultures of 
marine phytoplankton at 3 different growth stages. We measured OC exudation in 22 species 
belonging to 5 phyla and spanning >7 orders of magnitude in cell volume. The extracellular 
release of OC in our cultures represented on average ~2% of total carbon fixation, was not 
statistically different between growth stages, and was not correlated to cell size. The cell- 
specific OC exudation rate held an isometric relationship with cell size during the different 
growth phases (average slope: 0.95), which implies that general allometric models cannot be 
used to predict exudation in marine phytoplankton. 
4.2 Introduction  
 The extracellular release in dissolved form of newly synthesized metabolites is 
a normal process (Mague et al. 1980) that takes place during all growth phases in 
phytoplankton (Hellebust 1965, Obernosterer &  Herndl 1995). The percentage of 
extracellular release (PER, the fraction of total primary production (PP) released in dissolved 
form) in natural phytoplankton assemblages ranges between 10 and >35% of total PP 
(Anderson &  Zeutschel 1970, Teira et al. 2001, Morán et al. 2002, Marañón et al. 2005, 
López-Sandoval et al. 2010), being more important in oligotrophic areas (Fogg 1983, Karl et 
al. 1998, Teira et al. 2001, López-Sandoval et al. 2011). In phytoplankton cultures, PER 
values tend to be smaller, ranging from <1 to 20%, with few species reaching values >25%, 
depending on the growth phase and culture conditions (Hellebust 1965, Mague et al. 1980, 
Malinsky-Rushansky &  Legrand 1996, Finkel 1998). 
Exudation can be the result of 2 non-mutually exclusive processes: passive diffusion 
of small molecules (<900 Da) through the cell membrane  (Bjørnsen 1988), or a self-induced 
mechanism that occurs when phytoplankton organisms experience stressful conditions such as 
low nutrient concentration or high irradiance (Fogg 1983, Wood &  Van Valen 1990). Large 
molecules (>1500 Da) with low diffusion rate are frequently detected as part of the excreted 
material (Hellebust 1965, Lancelot 1984), suggesting that other mechanisms in addition to 
passive diffusion must be involved. Some phytoplankton species respond to a specific 
stimulus (e.g. exposure to certain wavelengths) by storing polymers in secretory vessels and 
then releasing them via autoregulated exocytosis (Chin et al. 2004, Orellana et al. 2011), but 
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the mechanisms involved in exudation of other kinds of macromolecules still remain largely 
unknown. 
While there are several sources of labile dissolved organic carbon in the microbial 
plankton community (including cell leakage due to viral attack, sloppy feeding by 
zooplankton, breakage of faecal pellets, etc.) (Nagata 2000), in the present study we address 
only the production of dissolved OC that was fixed by photosynthesis and then released 
during a 2 h incubation period (Mague et al. 1980, Fogg 1983). 
Some studies support the hypothesis that exudation should be more important in 
smaller cells, due to their high surface to volume quotient (Malinsky-Rushansky &  Legrand 
1996, Teira et al. 2001), but this view is not always (Finkel 1998, Marañón et al. 2004, 
López-Sandoval et al. 2010). The differences in the percentage of exudation among 
contrasting systems suggest a possible link between exudation and phytoplankton cell 
structure; however, it is difficult to test if cell size by itself has a direct effect on exudation, 
mainly because, in the field, other controlling variables tend to covary with phytoplankton cell 
size. 
General allometric theory predicts that a metabolic rate is related to body size through 
the relationship: M = aWb, where M is an individual metabolic rate, W is body size (mass or 
volume), a is a coefficient and b is the size-scaling exponent which usually takes a value of 
3/4 (‘Kleibler´s law’). Several models based on resource distribution networks have been 
proposed to explain why size-scaling relationships tend to have exponents that are multiples 
of 1/4 (West et al. 1997, 1999, Banavar et al. 2002, Banavar et al. 2010). The validity of 
Kleibler’s 3/4 power rule has been shown in animals (Savage et al. 2004), plants (Niklas &  
Enquist 2001) and marine phytoplankton (Blasco et al. 1982, Finkel 2001, Finkel et al. 2004).  
A limitation of the latter studies is that they covered only a small number of phytoplankton 
species and a modest range in terms of cell size and taxonomic variability. Field studies and 
data meta-analyses have shown that this ‘universal law’—which implies that the metabolic 
demand of an organism, per unit of mass, decreases as body size increases—does not hold 
true in the case of phytoplankton (Tang &  Peters 1995, Marañón et al. 2007, Marañón 2008, 
Huete-Ortega et al. 2011). To our knowledge, there are no published studies of the size-
scaling relationship of exudation in phytoplankton over a wide range of cell sizes and 
taxonomic affiliations. Here we present data of exudation rates in 22 different species of 
phytoplankton in monospecific cultures, grown under the same controlled conditions and 
measured at 3 different growth phases with the same protocol. We provide data on the size 
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scaling of dissolved OC production over a wide phylogenetic (5 phyla) and cell size (7 orders 
of magnitude in cell volume) range. 
4.3. Materials and methods 
4.3.1 Phytoplankton cultures  
Species used for this study covered a cell size range from 0.12 to ca. 2 500 000 µm3 
(Table 1). Cultures were obtained from Provasoli-Guillard National Center for Marine Algae 
(USA), Roscoff Culture Collection (France), Culture Collection of Algae and Protozoa (UK), 
Instituto Español de Oceanografía (Spain) and Estación de Ciencias Mariñas de Toralla 
(Spain). Cultures were grown in a 4 l, round-bottom flask on filtered (0.2 µm), autoclaved and 
enriched seawater medium (details in Table 1), with silicate excluded in the case of non-
diatoms and additional trace metals (L1 trace element solution) added in the case of 
dinoflagellates. The concentration of dissolved inorganic nitrogen was reduced 4-fold, so that 
the N/P molar ratio was ~6 and nitrogen limitation was ensured. Culture flasks were set up in 
a culture chamber at a constant temperature (18±0.5°C), with continuous aeration (except for 
dinoflagellates), and were exposed to a photon flux density of ~250 µE m–2 s–1
4.3.2 Growth rates, cell density and cell size 
 and a 12:12 h 
light:dark cycle. Cells were kept in semi-continuous growth for 3 complete acclimation cycles 
in 1 l, aerated flasks before conducting measurements of exudation. An acclimation cycle was 
defined from the time when the inoculum was added to fresh medium to the time when the 
population reached the exponential phase and an aliquot was transferred to fresh medium 
again, thus starting a new cycle. Our cultures were not axenic. However, we regularly 
collected samples for bacterial abundance and found that the contribution of bacterial biomass 
to total OC was always <0.4%. 
 Growth was monitored daily by in vivo fluorescence measured with an Aquafluor 
Turner Design fluorometer, cell counts under the microscope and measurements of chl a 
concentration. Depending on the species’ cell size, a Neubauer haemacytometer (1 mm2) or a 
1 mL Sedwick-Rafter chamber were used to determine cell abundance. For Coscinodiscus 
radiatus and C. wailesii, cells were counted by sedimenting 5 or 10 mL aliquots for 24 h in 
Utermöhl chambers. Enough cells were counted to keep the coefficient of variation of the 
mean population abundance estimate <20%. The abundances of Synechococcus sp., 
Prochlorococcus sp., Micromonas pusilla and Ostreococcus tauri were determined by flow 
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cytometry in 2.5-mL samples, fixed with 0.250 µl paraformaldehyde (1% final concentration) 
and glutaraldehyde (0.05% final concentration), using a FACScan flow cytometer (Becton 
Dickinson). Chl a concentration was measured fluorometrically on a TD-700 fluorometer 
after filtration of duplicate 5 mL samples on GF/F filters, freezing of the filters at –20°C and 
extraction with 90% acetone. Biovolume was measured with a Leica DLMB microscope 
using the NIS-Elements BR 3.0 image analysis software. Critical cell dimensions were 
obtained in at least 100 cells by assigning different geometric shapes that were most similar to 
the real shape of each phytoplankton species Sun &  Liu (2003). 
4.3.4 Particulate organic carbon determination 
 Duplicate, 10mL aliquots of culture were filtered onto pre-combusted (450°C for 8 h) 
GF/F filters, which were then stored at –20°C. Before analysis, filters were placed in a 
desiccator for 48 h at room temperature. Samples were analysed with a Carlo Erba 
Instruments EA1108 elemental analyser using an acetanilide standard as reference. In the case 
of coccolithophorids, 2 extra samples were taken and acidified with HCl fumes, prior to 
analysis, to remove the carbon present as calcium carbonate. The elemental analysis 
procedure measures all carbon present in the sample, both organic and inorganic (e.g. 
CaCO3
4.3.5 Dissolved and particulate primary production  
). Hence, OC in coccolithophorids was determined from the difference between the 
carbon measured in non-acidified (all carbon is measured) and acidified (only OC is 
measured) samples. Carbon biomass of each species was calculated by dividing the 
concentration of particulate OC by cell abundance.  
Sampling was conducted during the exponential growth phase, intermediate phase and 
stationary phase. Exudation rates were measured as described in detail by Marañón et al. 
(2004). For each phase, 100 mL aliquots from each culture were taken and placed in an acid-
washed glass bottle; 5 subsamples were taken: 3 light and 2 glass vials (20 mL) were filled 
with the sample, spiked with 1 µCi (37 KBq) of NaH14CO3, and incubated for 2 h. At the end 
of the incubation period, 2 aliquots of 5 mL from each incubation bottle were filtered through 
0.2 µm polycarbonate filters (25 mm in diameter) using low vacuum pressure (<50 mm Hg). 
After being acidified to a pH of ~2 with 100 µl of 50% HCl, filtrates were maintained 
overnight in open scintillation vials (20 mL) placed on an orbital shaker. After inorganic 14C 
removal, 15 mL of high sample capacity scintillation cocktail was added to each filtrate. 
Filtrates were stored in the dark until counting. The inorganic 14C present in the filters was 
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removed by exposing them to concentrated HCl fumes for 12 h. The filters were then placed 
in 5 mL scintillation vials to which 4 mL of scintillation cocktail were added. The 
radioactivity of each sample was determined using a Tri-Carb 3100TR scintillation counter.  
 
 To calculate the rates of dissolved and particulate carbon production, the black bottle 
DPMs (disintegrations per minute) were subtracted from the light bottle DPMs for correction 
of any non-photosynthetic 14C incorporation; possible errors were due to organic 
contamination of 14C stocks, or incomplete removal of inorganic 14C from the filtrates. As 
shown by Markager (1998), most of the 14C-signal in black bottle samples during short (<3 h) 
incubations arises from incomplete removal of inorganic 14C during acidification as well as 
14C adsorption onto particles. Previous experiments using the same protocol indicated that 
Time 0 samples have similar DPM counts to those obtained from dark bottle incubations 
(Marañón et al. 2004), which indicates that the 14C signal in dark bottle samples does not 
represent a biological process of CO2 fixation. Thus, failing to subtract the black bottle DPM 
counts may result in severe overestimation of the real rates of PP, as concluded also by Banse 
(1993). The DPM count in the filtrates from the light bottle was always in the order of several 
hundreds, and the light to dark bottle DPM count ratio was always >2. We used a constant 
value of 25700 mg C m–3 for the concentration of dissolved inorganic carbon. To the extent 
that different species had different growth rates, it is conceivable that equilibration of the 
labelled carbon inside the cells may have proceeded at different paces in different cultures. 
However, both small (e.g. <10 µm3 in cell volume) and large (>10000 µm3) species had 
similar growth rates, which means that the overall size-scaling slope for the rates of dissolved 
and particulate PP should not have been affected by differences in the time required for 
isotopic equilibration. 
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Table 4.1. List of phytoplankton species studied.  
 
Guillard (1975) 
2 Guillard & Hargraves (1993) 
3 Keller & Guillard (1985) 
4 Roscoff Culture Collection’s recipe 
Phylum Class Species Clone/origin Size (µm
3) 
Culture 
medium,  NO3-
/NH4+ 
Ochrophyta Bacillariophyceae Skeletonema costatum  
CCAP 
1077/1C 242 
f/4, f/16 1 
Ochrophyta Bacillariophyceae Thalassiosira rotula 
CCAP 
1085/20 2597 
f/8, f/32 1 
Ochrophyta Bacillariophyceae 
Phaeodactylum 
tricornutum  ECIMAT 93 
f/4, f/16 1 
Ochrophyta Bacillariophyceae 
Thalassiosira 
weissflogii 
CCMP 
1336 1163 
f/4, f/16 1 
Ochrophyta Bacillariophyceae Melosira nummoloides  ECIMAT 2285 f/4, f/16 1 
Ochrophyta Bacillariophyceae Coscinodiscus radiatus CCMP 312 81955 f/4, f/16 1 
Ochrophyta Bacillariophyceae  Coscinodiscus wailesii  
CCMP 
2513 2498458 
f/4, f/16 1 
Ochrophyta Bacillariophyceae Ditylum brightwellii   CCMP 361 75827 f/4, f/16 1 
Myzozoa Peridinea 
Protoceratium 
reticulatum  IEO-Vigo 23823 
L/2, L/8 2 
Myzozoa Peridinea Akashiwo sanguinea  IEO -Vigo 47349 L/2, L/8 2 
Myzozoa Peridinea Alexandrium minutum CCMP 113 5575 L/2, L/8 2 
Myzozoa Peridinea 
Alexandrium 
tamarense EF04 88836 
L/2, L/8 2 
Haptophyta Prymnesiophyceae Emiliania huxleyi   CCMP 371 82 f/4, f/16 1 
Haptophyta Prymnesiophyceae 
Gephyrocapsa 
oceanica  
CCMP 
2051 158 
f/4, f/16 1 
Haptophyta Prymnesiophyceae Calcidiscus leptoporus  RCC1169 51 f/4, f/16 1 
Haptophyta Prymnesiophyceae Isochrysis galbana  ECIMAT 64 f/8, f/32 1 
Haptophyta Pavlovophyceae Pavlova lutheri  
CCMP 
1325 45 
f/4, f/16 1 
Ochrophyta 
Eustigmatophycea
e 
Nannochloropsis 
gaditana  ECIMAT 8.6 
f/4, f/16 1 
Chlorophyta Mamiellophyceae Micromonas pusilla  RCC 496 10.7 K/2, K/8 3 
Chlorophyta Mamiellophyceae Ostreococcus tauri  RCC 116 2.4 K/2, K/8 3 
Cyanophyta Cyanophyceae Synechococcus sp. RCC 33  0.41 f/4, f/16 1 
Cyanophyta Cyanophyceae Prochlorococcus sp. RCC 267 0.12 
PCR-S11,  
PCR-S11/44 
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4.4 Results 
The percentage of extracellular release was on average ~2% of total carbon fixation 
(Table 4.2), ranged from 0.3 to 10% (among species and growth phases) and was not 
correlated to cell size (Fig. 4.1). The carbon-specific exudation rate, which took a mean value 
of 0.001 h–1
Table 4.2. Percentage of extracellular release (PER) of dissolved organic carbon measured for 
each phytoplankton species during 3 growth phases. Further taxonomic details, see Table 4.1.  
 (0.001 SD), and the percentage of extracellular release did not show significant 
differences among growth phases (Kruskal-Wallis H-test: P = 0.91 and P = 0.51, 
respectively).
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Species  N 
PER (%) 95% Conf. Interval  
Mean SD Median Lower Upper 
S. costatum 3 0.30 0.17 0.30 -0.13 0.72 
T. rotula 3 0.39 0.11 0.39 0.10 0.67 
P. tricornutum 3 0.31 0.03 0.32 0.23 0.38 
T.weissflogii 3 0.91 0.90 0.52 -1.32 3.13 
M. nunmuloidesa 1 1.25 .  . . 
C. radiatus 3 1.30 0.19 1.22 0.82 1.77 
C. wailesii 3 3.53 1.68 3.38 -0.65 7.71 
D. brightwelii 3 2.26 0.82 2.13 0.21 4.30 
P. reticulatum 3 1.68 1.07 1.08 -0.98 4.34 
A. sanguinea 3 10.37 2.62 10.36 3.86 16.88 
A. minutum 3 4.23 2.70 3.54 -2.48 10.95 
A. tamarense 3 3.13 2.32 3.54 -2.62 8.88 
G. oceanica 3 1.83 0.66 1.75 0.19 3.47 
E. huxleyi 3 0.41 0.12 0.47 0.12 0.70 
C. leptoporus 3 0.95 0.47 0.83 -0.21 2.12 
I. galbana 3 0.92 0.78 0.63 -1.03 2.87 
P. lutheri 3 1.03 0.33 0.89 0.21 1.86 
N. gaditana 3 1.14 0.27 1.16 0.46 1.82 
M. pusilla 3 9.14 1.67 8.39 4.99 13.28 
O. tauri 3 1.69 0.87 1.84 -0.46 3.84 
Synechococcus sp. 3 1.41 0.61 1.39 -0.11 2.93 
Prochlorococcus sp. 3 1.92 0.76 1.78 0.03 3.80 
All data 64 2.31 2.81 1.32 1.61 3.01 
a data only available for the stationary phase 
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Fig. 4.1. Relationships between the percentage of extracellular release (PER) and cell size 
measured as cell biovolume (µm3) for different phytoplankton groups throughout the 3 
different growth phases (exponential, intermediate and stationary) 
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Fig. 4.2. Mean percentage of extracellular release (PER) of (a) different phytoplankton groups 
and (b) different size classes measured throughout 3 growth phases (exponential [Exp], 
intermediate [Int] and stationary [Stat]). Error bars = 1 standard deviation. 
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Although the percentage of exudation varied markedly between phylogenetic groups 
and size classes, the differences were not significant (Kruskal-Wallis H-test: p > 0.05 for each 
growth phase in both cases). The higher percentages of exudation within the dinoflagellates 
(average PER > 4%) and the >20 µm size class (average PER > 2%) (Fig. 4.2) was due to the 
high values of Akashiwo sanguinea (mean PER = 10.4%), whereas those found in the <2.0 
µm size class were due to the flagellate Micromonas pusilla (mean PER = 9.1%) (Table 4.2, 
Fig. 4.2). Even though there were no significant differences in PER among phylogenetic 
groups, highly significant differences existed between species (Kruskal-Wallis H-test: p < 
0.001).  Both cell volume and cell biomass were very good predictors of the cell-specific 
exudation rate (Table 4.3, Fig. 4.3).  
 
Fig. 4.3. Relationship between log cell-specific exudation rates (DOCp) and log cell size 
measured as (a) biovolume (µm3) and (b) biomass (pg C cell–1) for different phytoplankton 
groups throughout the 3 growth phases. 
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 The slope of the log-log relationship between the exudation rate and cell volume (b = 
0.95) and cell biomass (b = 1.08) was significantly higher than 0.75 in both cases (t-test: p < 
0.01) and not significantly different from 1.0 (t-test: p > 0.05) (Table 4.3, Fig. 4.3); this 
pattern remained during the 3 different growth phases (Table 4.3). Hence, our results indicate 
that OC exudation does not scale allometrically either with cell biovolume or cell biomass, 
but scales isometrically. Cell carbon scaled with cell biovolume with an exponent of 0.88 (i.e. 
C∝V0.88; data not shown), and, given that exudation rate scaled with V with an exponent of 
0.95 (M∝V0.95), the relationship between exudation rate and biomass presented an even higher 
exponent. The 95% confidence intervals revealed no significant differences in the size-scaling 
exponent of exudation rate between growth phases (Table 4.3), which highlights the 
robustness of these patterns. 
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Table 4.3. Percentage of extracellular release (PER; mean ± SD) and parameters of the size-
scaling relationships for exudation rate at 3 growth phases. Reduced major axis regression 
was used to determine the relationship between log cell volume (μm3 cell–1) or cell biomass 
(pgC cell–1) (independent variables) and log exudation rate (pgC cell–1 h–1) (dependent 
variable). Bootstrap confidence limits (95%) for the intercept and slope in parentheses. p-
values refer to the comparison between the size-scaling slope of the exudation rate with 
expected values of 1.0; at an expected slope of 0.75, p < 0.001 in all cases. 
 
 
 
 
 
 
 
 
 
Growth phase Volume (µm3) Biomass (pgC) 
Exponential 
 
  
(PER = 2.5 ± 2.6 %, N = 21) 
  Intercept –3.9 (–4.3, –3.4) –3.2 (–3.4, –2.9) 
Slope 0.94 (0.8, 1.1) 1.06 (0.9, 1.1) 
r2 0.9 0.95 
p-value, expected slope =1 0.36 0.24 
Intermediate 
 
  
(PER = 2.3 ± 3.4 %, N = 21) 
  Intercept –4.0 (–4.4, –3.7) –3.3 (–3.5, –3.1) 
Slope 0.92 (0.8, 1.0) 1.04 (0.9, 1.1) 
r2 0.94 0.96 
p-value, expected slope = 1 0.13 0.39 
Stationary 
 
  
(PER = 2.1 ± 2.6 %, N = 22) 
  Intercept –4.4 (–4.8, –4.0) –3.6 (–3.9, –3.3) 
Slope 1.0 (0.9, 1.1) 1.13 (1.0, 1.2) 
r2 0.93 0.95 
p-value, expected slope = 1 0.9 0.03 
All data 
 
  
(PER = 2.3 ± 2.8 %, N = 64) 
  Intercept –4.1 (–4.3, –3.9) –3.4 (–3.5, –3.2) 
Slope 0.96 (0.9, 1.0) 1.08 (1.0, 1.1) 
r2 0.91 0.95 
p-value, expected slope = 1 0.2 0.01 
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4.5 Discussion 
When microalgae experience uncoupling between carbon fixation and growth rate 
(due to nutrient deficiency), strategies such as exudation of dissolved organic compounds 
might help cells to cope with the ‘excess carbon’ obtained during photosynthesis (Wood &  
Van Valen 1990, Berman-Frank &  Dubinsky 1999). Previous studies on exudation in 
phytoplankton cultures suggest that as growth rates decline (at the stationary stage, when 
nutrients become limiting), exudation of dissolved OC increases (Myklestad 1977, Zlotnik &  
Dubinsky 1989, Obernosterer &  Herndl 1995). However, in these studies only a small 
number of phytoplankton species were analysed, and only a few of them included >1 
measurement during the phytoplankton growth cycle. In this study we obtained data from 3 
different growth phases and 22 phytoplankton species, providing evidence that exudation 
remains constant between growth phases. 
All data for the stationary phase were obtained when nitrate concentration in the bulk 
medium was near or below the detection limit and the carbon-specific carbon fixation rate 
had the lowest values. However, it is possible that the cells’ ability to store nitrogen 
intracellularly may prevent a strong nutrient deficiency, which tends to be associated with 
high PER values (Obernosterer &  Herndl 1995).  
Differences in exudation among species (Hellebust 1965, Beardall &  Raven 2001) 
might be important even within one single class (diatoms) (Finkel 1998, Beardall &  Raven 
2001). Our results agree with previous reports indicating that not only the quality but also the 
quantity of dissolved organic matter exuded by algae may change depending on the species 
(Wolter 1982, Romera-Castillo et al. 2010). However, at the same time, the percentage of 
exudation for a given species will vary according to the conditions that the population has 
previously experienced (Bertilsson et al. 2005, Borchard &  Engel 2012). 
The larger surface to volume quotient and the intrinsically thinner diffusion boundary 
layer which facilitates nutrient uptake in smaller cells (Chisholm 1992, Raven 1998) could 
also favour a higher diffusion (exudation) of low-molecular weight compounds through the 
cell membrane in smaller phytoplankton. Malinsky-Rushansky & Legrand (1996), using 
cultures of 3 different phytoplankton species (Navicula fiiata, Pavlova lutheri and a 
Chlorella-like picoeukaryote), with a size range from 1.5 to 8 µm in diameter, showed that the 
percentage of exudation was higher in the picoeukaryote-like cells (12.6%). In contrast, our 
results obtained from a much wider range in size (0.1 to 106 µm3 in cell volume) demonstrate 
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that the percentage of exudation has no relationship with cell size. This counterintuitive result 
indicates that exudation of recently synthesised metabolites, as measured with the 14
Recently, the applicability of Kleibler’s 3/4 power rule has been assessed for 
unicellular organisms (Johnson et al. 2009, DeLong et al. 2010, Finkel et al. 2010) and 
specifically for phytoplankton (Marañón et al. 2007, Marañón 2008, Huete-Ortega et al. 
2011). These studies all suggest a departure from the 3/4-power relationships toward isometry 
in the metabolic rate of photosynthetic unicells. Here we provide robust data indicating that 
this departure also holds true for a metabolic loss process such as exudation, which scales 
isometrically with cell size. Thus, on a biomass- or biovolume-specific basis, the relative 
importance of dissolved PP is largely size-independent in marine phytoplankton. 
C-uptake 
technique over short time scales, depends on the rate of total carbon fixation and not on 
diffusion processes. As we discuss below, the rate of mass-specific photosynthetic carbon 
fixation, as well as other metabolic rates, seem to be largely independent of cell size in 
phytoplankton. 
 
 
  
  
 
Capítulo 5 
Size-scaling of photosynthesis and respiration in marine phytoplankton 
 
 
  
 69 
 
5.1 Abstract 
 We have determined the rates of photosynthesis and respiration in batch cultures of 22 
species from five phyla and covering a range of 7 orders of magnitude in cell size. Rates were 
determined during both the exponential growth phase and the stationary phase. We found that, 
in all growth phases, individual metabolic rates scale with cell size with an exponent 
significantly higher than ¾ and equal to or near 1, irrespective of whether volume or carbon is 
used as a metric for cell size. Thus, our results demonstrate unequivocally that phytoplankton 
metabolism does not follow Kleiber’s ¾-power rule. We observed curvature in the size 
scaling of carbon fixation, such that the relationship between biomass-specific photosynthesis 
and cell size was unimodal, with the highest rates being measured in intermediate-size 
species. For all species and growth phases, respiration losses represented on average 17 % of 
total carbon fixation. Biomass-specific respiration was largely independent of cell size and 
growth phase, but tended to take higher values in the dinoflagellates. Contrary to other 
species, most diatoms were able to maintain carbon fixation during the stationary growth 
phase. Our results highlight the ability of medium-size to large species to sustain high 
metabolic rates in spite of their cell size, which has implications for our understanding of the 
factors that control phytoplankton size structure and community assembly in the ocean. 
5.2 Introduction 
 For a long time, the basic observation that small organisms have higher growth rates 
and biomass-specific metabolic rates than larger organisms has driven the search for universal 
scaling laws that could explain the flux of energy through individuals and, by extension, 
communities and ecosystems (Brown et al. 2004). Size-scaling relationships can be 
represented using power functions such as: 
R = aMb        [1] 
where R is an individual metabolic rate, M is body size (mass or volume), b is the size-scaling 
exponent and a is a coefficient. After taking logarithms, Equation 1 can also be expressed as: 
log R = log a + b log M      [2] 
where b is the slope of the linear function. These size-scaling relationships are called 
allometric when b is different from 1 and isometric when it is equal to 1(Schmidt-Nielsen 
1984) . Since Kleiber (1932) reported that metabolic rates in birds and mammals scale with 
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body mass with a b value of ¾ (later known as Kleiber’s ¾-power rule), this allometric 
relationship has proven to be applicable to a wide range of organisms, from unicells to 
multicellular organisms including large plants and mammals (West et al. 1999, Savage et al. 
2004, Beardall et al. 2009). Several mechanistic models, based on the characteristics of 
internal transportation networks, have been proposed to explain quarter-power scaling in 
biology (West et al. 1999, Banavar et al. 2002, Banavar et al. 2010). 
  Phytoplankton size range covers more than 9 orders of magnitude, from <1 µm3 in the 
smallest cyanobacteria to >109 µm3 in the largest diatoms (Beardall et al. 2009), making size-
scaling relationships a potentially suitable way to predict phytoplankton metabolism. Since 
the 1970’s, several studies have found that phytoplankton growth rate (Laws 1975, Tang 
1995), carbon fixation (Blasco et al. 1982) and respiration (Laws 1975, Banse 1976, Blasco et 
al. 1982, Tang &  Peters 1995) can be related to cell size. However, much debate still exists 
over the validity of Kleiber’s rule for phytoplankton. While several studies have confirmed 
the applicability of the ¾-power rule for phytoplankton carbon fixation (Taguchi 1976, Blasco 
et al. 1982, López-Urrutia 2008) and respiration (Laws 1975, Blasco et al. 1982, Ahrens &  
Peters 1991), others have found size-scaling relationships with b values that deviate 
significantly from ¾. In some cases, the values of b obtained were lower than ¾, which 
implied a stronger reduction of metabolic rates with increasing cell size (Finkel et al. 2004), 
whereas in other studies b was higher than ¾, indicating a smaller degree of size-dependence 
(Banse 1976, Lewis 1989). Recently, several authors have reported b values not significantly 
different from 1: these isometric size-scaling relationships mean that individual metabolic 
rates are directly proportional to cell size, and therefore that biomass-specific metabolic rates 
in phytoplankton are independent of cell size (Banse 1976, Marañón et al. 2007, Huete-
Ortega et al. 2012).  
The different results obtained in the previous studies may be due to variability in 
experimental methods, the use of different ranges in cell size, the presence of sub-optimal 
growth conditions, or the fact that the species studied belonged to a single taxonomic group 
and/or covered a relatively narrow range in cell size. This uncertainty over the size-scaling of 
phytoplankton metabolism and growth is particularly relevant today, since most current global 
ocean ecological models require the representation of size-dependent physiological traits of 
phytoplankton but rely on the use of size-scaling parameters obtained from literature reviews 
(e.g., Litchman et al. 2006; Finkel et al. 2010; Edwards et al. 2012) . While undoubtedly 
useful to provide general patterns, these literature-based studies, however, suffer from the lack 
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of methodological consistency among studies and the disparate growth conditions of the 
cultures used, which often results in noisy size-scaling relationships with a large amount of 
unexplained variance. Since cell size is a key functional trait in phytoplankton, understanding 
its relationship with growth and metabolism is crucial to define the ecological strategies of 
different functional groups and how environmental forcing control the assembly of 
communities in the ocean (Litchman et al. 2006). 
Here we present size-scaling relationships for photosynthesis and respiration based on 
measurements conducted in batch cultures of 22 phytoplankton species from five phyla and 
spanning seven orders of magnitude in cell size. All measurements were performed using the 
same protocol and all cultures were grown under the same conditions, thus avoiding 
methodological differences that may influence the results. We carried out our measurements 
during different phases of the growth cycle, in order to determine if the size-scaling 
relationships are sensitive to the physiological state of the populations. Our results allow us to 
resolve the long-standing debate over the size-scaling of phytoplankton metabolism and 
provide insight into the functional traits that define the ecological niche of different 
taxonomic groups and size classes. 
5.3 Methods 
Phytoplankton cultures: The twenty-two phytoplankton species used for this study (Table 5.1) 
were grown in batch cultures at 18 ± 5 ºC, using autoclaved (0.2- µm- filtered) seawater with 
f/4  medium for most species, K/2 medium for Ostreococcus tauri and Micromonas pusilla 
and PCR –SC11 /2  for  Prochlorococcus sp.  In all cases the N/P molar ratio was c. 6 to 
ensure nitrogen limitation during the stationary growth phase.  Irradiance was 250 µmol 
photons m-2 s-1 provided by white light fluorescent tubes with a light: dark cycle of 12:12 h. 
Depending on species’ cell size, cell counts were performed under the microscope using a   
Neubauer or Sedwick-Rafter counting chambers or by sedimenting 5-10 mL aliquots for 24h 
in an Utermöhl chamber. Cell abundance of small phytoplankton cells (< 10 µm3) were 
determined by flow cytometry using a FACScan flow cytometer (Becton Dickinson).  
Biovolume was measured with a Leica DLMB microscope. Critical cell dimensions were 
obtained by assigning different geometric shapes following Sun &  Liu (2003).  A detailed 
description of culture conditions is given in methods section (Chapter 4). 
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Photosynthesis: Photosynthesis was measured with the 14C-uptake method during 2-h 
incubations in 20-mL glass vials, as described in detail in López-Sandoval et al. (2013). 
Measurements were conducted during the exponential growth phase, during an intermediate 
phase and during the stationary phase. We used the filtrate recovery method, which allowed 
us to determine the production of both particulate and dissolved organic carbon  
Respiration: Respiration was measured as oxygen consumption in dark during the exponential 
and stationary phase. Six (50-mL) borosilicate glass bottles were carefully filled using 
silicone tubing directly from the culture flask. Three bottles were fixed immediately for initial 
oxygen concentration and other three after 24h. Dissolved oxygen was measured by 
automated precision Winkler titration using a potentiometric endpoint. Respiration rates were 
calculated as the difference between the means of O2 concentration at the zero time and the 
24h fixed samples. Oxygen consumption rates were converted into carbon units by assuming 
that the O2 consumption to CO2 ratio was 1:4 (mol: mol). 
 73 
 
Table 5.1:Mean cell biomass (pg C) biomass-specific total photosynthesis (PC) and respiration 
(RC), and the respiration to photosynthesis ratio (R:P) for each species during the exponential 
growth, intermediate and stationary phases. NA, not available. 
 
 
 
Species biomass PC (h-1) RC (h-1) R/P 
  pgC Exp Int Sen Exp Sen Exp Sen 
Skeletonema costatum 22.06 0.14 0.13 0.16 0.004 0.007 2.5 4.3 
Thalassiosira rotula 202.62 0.08 0.09 0.10 0.003 0.006 4.0 6.0 
Phaeodactylum tricornutum  5.03 0.20 0.15 0.03 0.003 0.002 1.3 7.0 
Thalassiosira weissflogii 53.97 0.12 0.12 0.06 0.003 0.002 2.2 2.6 
Melosira nummuloides  316.96 NA NA 0.08 0.002 0.002 NA 2.6 
Coscinodiscus radiatus 3982.90 0.02 0.02 0.03 0.003 0.004 11.9 11.0 
Coscinodiscus wailesii  77719.67 0.05 0.02 0.03 0.005 0.001 9.8 4.9 
Ditylum brightwellii   2551.13 0.04 0.05 0.04 0.003 0.004 9.5 9.9 
Protoceratium reticulatum  983.21 0.05 0.04 0.02 0.004 0.005 8.1 26.1 
Akashiwo sanguinea  2746.42 0.05 0.01 0.01 0.008 0.004 17.6 60.2 
Alexandrium minutum 894.95 0.03 0.02 0.02 0.007 0.005 24.3 26.9 
Alexandrium tamarense 1434.70 0.04 0.03 0.02 0.010 0.008 26.6 49.6 
Gephyrocapsa oceanica  12.39 0.17 0.08 0.03 0.005 0.005 3.0 17.2 
Emiliania huxleyi   7.85 0.12 0.11 0.11 0.004 0.003 3.1 2.3 
Calcidiscus leptoporus  4.24 NA 0.16 0.13 0.003 0.003 NA 2.6 
Isochrysis galbana  4.57 0.10 0.05 0.03 0.007 0.004 6.6 12.2 
Pavlova lutheri  5.11 0.14 0.10 0.06 0.007 ND 5.4 NA 
Nannochloropsis gaditana  1.98 0.07 0.04 0.03 0.005 0.002 7.4 8.1 
Micromonas pusilla  1.83 0.07 0.01 0.02 0.007 0.005 9.8 30.2 
Ostreococcus tauri  0.69 0.04 0.02 0.01 0.002 0.004 5.8 80.9 
Synechococcus sp. 0.10 0.03 0.06 0.01 0.004 0.004 12.4 29.6 
Prochlorococcus sp. 0.04 0.02 0.01 0.00 0.002 0.003 11.9 67.0 
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5.3 Results 
5.3 1 Size-scaling of photosynthesis and respiration 
Cell size, expressed either as cell volume or cell carbon, was a very good predictor of 
cell-specific photosynthesis and respiration rates during all three growth phases, as it 
explained around 95% of the observed variability (Figs. 5.1 & 5.2; Table 5.2). The slopes in 
the size-scaling relationship of both metabolic rates were always significantly higher than 
0.75 and, in several cases, were not different from 1 (Table 5.2), implying an isometric or 
near-isometric relationship between metabolic rate and cell size. When cell size was 
expressed as cell volume, the slope of the size-scaling relationship for both photosynthesis 
and respiration was approximately 0.9, but when it was expressed as cell carbon the slope 
values were not significantly different from 1 (Table 5.2). The significant departure of the 
size-scaling slopes from the value of 0.75, as well as the differences in slope values depending 
on whether volume or carbon was used as a measure of cell size, were consistently found in 
all growth phases (Table 5.2). 
 
Figure 5.1. Relationship between log cell-specific photosynthesis rate and log cell size 
measured as A) cell biovolume and B) cell biomass with data from all growth phases 
combined. Dotted line is the reduced major axis (r. m. a.) linear regression; the solid line is 
the quadratic fit. The linear models are y = 0.91 (0.03) x - 2.14 (0.09) in A; and y = 1.03 
(0.03) x - 1.40 (0.07) in B. In both cases, R2 = 0.94 and N = 63 is the same in both cases. The 
quadratic fits in are A) y = 1.19 (0.07) x - 0.06 (0.001) x2 - 2.29 (0.09) and 1.26 (0.006) x - 
0.08 (0.01) x2 - 1.37 (0.06) in B); R2 = 0.96 and N = 63 in both cases. Standard errors are 
given in parentheses.  
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Figure 5.2. Relationship between log cell-specific respiration rate and log cell size 
measured as A) cell biovolume and B) cell biomass. The fitted line is the r.m.a linear 
regression. The linear models are: A) y = 0.9 (0.03) x - 4.1(0.09), R2 = 0.96, N = 43; B) 
y = 1.02 (0.02) x – 3.4 (0.05), R2 = 0.98, N = 43. Symbols as in Fig.5.1. 
Table 5.2. Parameters of the size-scaling relationships for photosynthesis and 
respiration rates during the three growth phases (exponential growth, Exp; Intermediate, 
Int; Stationary, Sta). Reduced major axis regression was used to determine the 
relationship between the logarithm of phytoplankton cell volume (µm3 cell-1) and cell 
biomass (pgC cell-1) and the logarithm of cell-specific photosynthesis (P, pgC cell-1 h-1) 
and respiration (R, pmol O2 cell-1 h-1). Bootstrap 95% confidence intervals for the 
intercept and the slope are given in parentheses. P values refer to the comparison of the 
size-scaling slope for each metabolic rate with the expected values of 0.75 and 1.0. 
 
Metabolic 
rate 
Cell size 
measure n 
RMA 
slope 
95%  
C.I. Intercept 95%  C.I. R
2 
slope = 
0.75 
slope = 
1 
P-value P-value 
P (exp) µm3 20 0.87 (0.8,0.9) -1.86 (-2.1,-1.5) 0.96 0.004 <0.01 
P (Int)  µm3 21 0.88 (0.8,1.0) -2.10 (-2.3,-1.7) 0.95 <0.001 0.02 
P (sen) µm3 22 0.96 (0.8,1.0) -2.44 (-2.7,-2.0) 0.93 <0.001 0.51 
P (all) µm3 63 0.91 (0.8,0.9) -2.14 (-2.3,-1.9) 0.94 <0.001 <0.01 
P (exp) pgC Cell-1 20 0.99 (0.9,1.1) -1.18 (-1.4,-1.0) 0.97 <0.001 0.78 
P (Int)  pgC Cell-1 21 1.00 (0.9,1.1) -1.35 (-1.6,-1.0) 0.94 <0.001 1.00 
P (sen) pgC Cell-1 22 1.08 (0.9,1.2) -1.64 (-1.9,-1.3) 0.94 <0.001 0.16 
P (all) pgC Cell-1 63 1.03 (0.9,1.1) -1.40 (-1.5,-1.2) 0.94 <0.001 0.37 
R (exp) µm3 22 0.92 (0.8,1.0) -4.10 (-4.3,-3.8) 0.96 <0.001 0.04 
R (sen) µm3 21 0.89 (0.8,1.0) -4.10 (-4.3,-3.8) 0.96 <0.001 0.02 
R (all) µm3 43 0.90 (0.8,0.9) -4.10 (-4.2,-3.9) 0.96 <0.001 <0.01 
R (exp) pgC Cell-1 22 1.04 (1.0,1.1) -3.39 (-3.5,-3.2) 0.99 <0.001 0.12 
R (sen) pgC Cell-1 21 1.01 (0.9,1.1) -3.38 (-3.5,-3.2) 0.98 <0.001 0.86 
R (all) pgC Cell-1 43 1.02 (1.0,1.1) -3.38 (-3.5,-3.3) 0.98 <0.001 0.26 
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Although the linear model explained a high amount of the size-related variability in 
both metabolic rates, the log-log representation masked the existence of curvature in the size-
scaling of photosynthesis. Using a quadratic function to fit the relationship between 
photosynthetic rate and cell size, the fit improved by explaining an additional 2% of the total 
variability (Fig 5.1). More importantly, this quadratic fit resulted in an even distribution of the 
residuals, whereas in the case of the liner model the residuals described a dome-shaped 
distribution (data not shown). The presence of curvature in the size-scaling of metabolic rates 
was more evident when carbon-specific photosynthesis (PC) rates were plotted against cell 
size (Fig. 5.3). If a single, scale-free power law were adequately capturing the size-
dependence of metabolic rate, the relationship between biomass- (or volume-) specific 
metabolic rate and cell size should display the same slope throughout the entire cell size 
range. In contrast, we found that the slope of the PC versus cell size relationship was positive 
in the small-to-medium cell size range and negative in the medium-to-large cell size range 
(Fig. 5.3). This unimodal pattern, present in all growth phases, was particularly evident during 
the exponential growth phase (Fig. 5.3A). PC rates ranged between approximately 0.01 and 
0.2 h-1, with the highest values (>0.1 h-1) being measured in intermediate-size species (Fig. 
5.3). 
Figure 5.3. Size dependence of biomass-specific photosynthesis measured during the A) 
exponential growth, B) intermediate, and C) stationary phase. Symbols as in Fig.1.  
 
Respiration was markedly lower than photosynthesis, typically ranging between 0.001 
and 0.01 h-1 (Fig. 5.4A, B), and did not show any size-related pattern. The respiration to 
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photosynthesis ratio (R:P) took values below 15% in most species during the exponential 
phase (Fig. 5.4C), but increased during the stationary phase, particularly in large 
(dinoflagellates) and small species (cyanobacteria and chlorophytes), reaching values >25% 
(Table 5.1, Fig. 5.4D). For all species pooled together, the mean R:P ratio was 10±8 during 
the exponential growth phase and 25±27 during the stationary phase (Table 5.3). 
 
Figure 5.4. Size-dependence of (A, B) biomass-specific respiration and (C, D) the respiration 
to photosynthesis ratio (R:P) during (A, C) the exponential growth phase and (C, D) the 
stationary phase. Symbols as in Fig .5.1.  
 
5.3.2 The effect of taxonomic affiliation and growth phase 
PC rates during the exponential growth phase (0.08±0.05 h-1, mean ± standard 
deviation) were significantly higher than during the stationary phase (0.05±0.04 h-1) (Kruskal-
Wallis test, X2 = 6.12, P = 0.05) (Fig. 5.3, Tables 5.1 and 5.3). By group, the higher PC rates 
corresponded to coccolitophorids, whose mean values ranged from 0.14±0.04 h-1 during the 
exponential growth phase to 0.09±0.05 h-1 during the stationary phase (Table 5.3). Diatoms 
showed somewhat lower values, ranging between 0.07±0.05 h-1 during the stationary phase 
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and 0.09±0.06 h-1 during exponential growth. Dinoflagellates and cyanobacteria presented the 
lowest PC rates, with values between 0.01 and 0.04 h-1. However, these between-group 
differences were significant only during the stationary phase, when diatoms had significantly 
higher PC values (0.07±0.05 h-1) than dinoflagellates, cyanobacteria and chlorophytes (U- 
Mann Whitney test, P = 0.04, in all cases) (Table 5.3).  
Table 5.3. Mean biomass-specific photosynthesis (PC) and respiration (RC) rates and the 
respiration to photosynthesis ratio (R:P) for each taxonomic group during the different growth 
phases. Respiration data are not available for the intermediate phase. SD is the standard 
deviation. 
 
 Contrary to photosynthesis, carbon-specific respiration rates (RC) were 
relatively constant between growth phases (Fig. 5.4A, B; Table 1). Overall, no significant 
differences were observed between growth phases (Kruskal-Wallis test, X2 = 0.40, P = 0.53). 
Group-specific, mean RC values ranged between 0.003 and 0.007 h-1 during the exponential 
phase and between 0.003 and 0.006 h-1 during the stationary phase (Table 3). Differences 
between groups were significant during the exponential growth phase (Kruskal-Wallis test, 
X2 = 13.9, P = 0.02), when dinoflagellates had significantly higher respiration rates 
 Taxonomic Exponential  Intermediate  Stationary 
  group N Mean SD    N Mean SD    N Mean SD  
Biomass 
specific 
photosynthesis 
(h-1) 
Diatoms 7 0.09 0.06  7 0.08 0.05  8 0.07 0.05 
Dinoflagellates 4 0.04 0.01  4 0.03 0.01  4 0.02 0.01 
Coccolitophorids 2 0.14 0.04  3 0.12 0.04  3 0.09 0.05 
Cyanobacteria 2 0.03 0.01  2 0.03 0.03  2 0.01 0.01 
Chlorophytes 2 0.05 0.03  2 0.02 0.00  2 0.01 0.01 
Others 3 0.10 0.03   3 0.07 0.03  3 0.04 0.01 
Biomass 
specific 
respiration     
(h-1) 
Diatoms 8 0.003 0.001          8 0.003 0.002 
Dinoflagellates 4 0.007 0.003      4 0.006 0.002 
Coccolitophorids 3 0.004 0.001      3 0.004 0.001 
Cyanobacteria 2 0.003 0.002      2 0.004 0.001 
Chlorophytes 2 0.005 0.004      2 0.005 0.000 
Others 3 0.007 0.001           2 0.003 0.001 
R:P (%) 
Diatoms 7 5.9 4.4          8 6.0 3.1 
Dinoflagellates 4 19.2 8.3      4 40.7 17.0 
Coccolitophorids 2 3.1 0.1      3 7.4 8.5 
Cyanobacteria 2 10.9 2.2      2 48.3 26.5 
Chlorophytes 2 7.8 2.9      2 55.5 35.9 
Others 3 6.5 1.0           2 10.2 2.9 
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(0.007±0.003 h-1) than coccolithophorids (0.004±0.001 h-1) and diatoms (0.003±0.001 h-1) (U- 
Mann Whitney test, P = 0.03 in both cases) (Table 5.3). During the stationary phase, 
dinoflagellates still showed the highest respiration rates of all groups, although the differences 
were not significant (Kruskal-Wallis test, X2 = 5, P = 0.4) 
The group-specific respiration to photosynthesis ratio (R:P) increased from the 
exponential growth to the stationary phase, except in the case of diatoms, whose R:P values 
remained relatively unchanged (around 6 %) (Table 5.3, Fig 5.5). The differences in R:P 
values observed between groups during the stationary phase were significant (Kruskal-Wallis 
test, X2 =15.22, P = 0.01). During this phase, diatoms had lower R:P (6±3%) than 
dinoflagellates (41±17%), cyanobacteria (48±26%) and chlorophytes (55±36%) (U- Mann 
Witney test, P <0.05 in all cases), while dinoflagellates exhibited significantly higher R:P 
than coccolithophorids (7±8%) and diatoms (U- Mann Witney test, P < 0.001 and P = 0.03, 
respectively) (Table 5.3, Fig 5.5). 
Figure 5.5. Mean respiration to photosynthesis ratio (R:P) during the exponential growth 
phase (Exp, black bars) and the stationary phase (Stat, grey bars) for each taxonomic group. 
 We calculated, for both photosynthesis and respiration, the ratio between the 
rates measured during the stationary phase (PCsta and RCsta) and those measured during the 
exponential growth phase phase (PCexp and RCexp) (Fig. 5.6). In small and most medium-size 
species, PCsta:PCexp took values well below 0.5 (Fig. 5.6A), indicating that in these species 
entering the stationary phase led to a strong reduction in photosynthetic carbon fixation rates, 
as compared to those sustained during exponential growth. In contrast, in several medium-size 
and large species, including the coccolithophore E. huxelyi and four diatoms,  PCsta:PCexp took 
values near or even above 1, indicat.ing that carbon fixation during the stationary phase 
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proceeded at rates similar to or even higher than those attained during exponential growth The 
values of RCsta:RCexp were, in general, higher than 0.5 and in several species they reached 
values above 1.5, indicating a marked increase in biomass-specific respiration rates upon 
entering the stationary phase (Fig. 5.6B). 
 
igure 5.6. A) Ratio between carbon-specific photosynthesis (PC) rate measured during the 
stationary phase and PC measured during the exponential growth phase. B) As in A) but for 
carbon-specific respiration rate (RC). Species are arranged according to their cell volume. 
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Contrary to the pattern observed in PCsta:PCexp, there was no obvious relationship 
between cell size and RCsta:RCexp. Pooling the data by taxonomic affiliation showed that in 
most groups carbon fixation rates were markedly depressed (by 60-80%) during the stationary 
phase (Fig. 5.7). Diatoms and coccolithophorids were an exception to this pattern, as they 
showed an average reduction of PC of only 28% and 35% respectively. In the case of group-
specific changes in respiration, in most cases RC 
 
was maintained or increased moderately 
during the stationary phase (Fig. 5.7). 
Figure 5.7. Ratio between the rates of carbon-specific photosynthesis (PC) or respiration (RC) 
measured during the stationary phase and those measured during the exponential growth 
phase for each taxonomic group. Vertical bars represent the standard deviation. 
 
5.4 Discussion 
By conducting direct measurements, using standardized protocols, on phytoplankton 
cultures growing under identical conditions, we have avoided the uncertainties of meta-
analysis studies, which include data, often obtained with different procedures, from cultures 
experiencing disparate growth conditions. As a result, we have obtained size-scaling 
relationships for both photosynthesis and respiration which show remarkably high regression 
coefficients and therefore represent robust macroecological patterns. In addition, we have 
determined metabolic rates during different phases along the growth cycle, which allowed us 
to investigate to which extent the size-scaling of phytoplankton metabolism is dependent on 
the physiological state of the populations, as well as to identify differences between 
taxonomic groups in the growth phase-dependent dynamics of photosynthesis and respiration.  
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5.4.1 Isometric size-scaling of metabolic rate 
Our results indicate that phytoplankton metabolism does not follow the ¾-power rule, 
but instead is isometric or nearly isometric, as had been suggested previously by some 
laboratory (Johnson et al. 2009) and field  work (Marañón et al. 2007, Huete-Ortega et al. 
2011). The size-scaling of both photosynthesis and respiration was largely independent of the 
population’s physiological state, since similar slope values were obtained in the different 
growth phases studied. These observations are in contrast to numerous previous studies, based 
on compilations of data from the literature, which show that phytoplankton metabolic rates 
scale allometrically with cell size (Banse 1976, Blasco et al. 1982, López-Urrutia et al. 2006). 
One possible reason for this discrepancy is that cultures are often grown to very high biomass 
concentrations, whereas in our study we used growth media with a reduced amount of 
nitrogen and therefore the cell densities attained were smaller. The use of very dense cultures 
and low irradiances may lead to algal light limitation which, as a result of the package effect, 
is known to affect more severely larger cells and thus result in lower size-scaling exponents 
(Finkel et al.). Another, key factor is that most previous laboratory-based studies did not 
include species below 100 µm3 in cell volume (Banse 1976, Finkel et al. 2004, López-Urrutia 
et al. 2006). Our own data indicate that when only species larger than 100 µm3 are 
considered, the scaling of photosynthesis is indeed allometric 0.74 (95% CI = 0.59-78), 
although to a lesser extent than had been reported for diatoms by Blasco et al. (1982) and 
Finkel (1998). Hence, the overall isometric size-scaling pattern only arises when small (e.g. 
<100 µm3 in cell volume) species are considered together with intermediate- and large-sized 
species. 
The value of the size-scaling exponent for a given metabolic rate depends on whether 
biomass (e.g., carbon) or biovolume is used as a metric for phytoplankton cell size. For 
instance,  López-Urrutia et al. (2006) reported that the value of the size-scaling exponent for 
phytoplankton photosynthesis was 1.05 when cell biomass was used as a metric for cell size 
and 0.74 when cell size was expressed as cell volume. There results, however, rested on the 
assumption that carbon density in phytoplankton decreases very fast with increasing cell size, 
as implied in the use of the equation of Strathman (1967), in which cell carbon (C) is a 
function of cell volume (V) such that C ∝ V0.71. Several, more recent studies have shown that 
in fact the decrease in carbon density with increasing cell size is much less dramatic, as the 
scaling exponent in the power relationship relating C to V takes values around 0.9 (Menden-
Deuer &  Lessard 2000) 
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. In our own cultures, C ∝ V0.88 (Marañón et al. 2012)and the size-scaling exponent of 
photosynthesis was around 1 and 0.9 when C and V, respectively, were used as a metric for 
cell size. In conclusion, size-related changes in cell carbon density do not alter the fact that 
phytoplankton metabolic rate does not scale allometrically as predicted by the ¾-power rule.  
An isometric size-scaling pattern implies that both small and large phytoplankton 
species are capable of sustaining similar mass- or volume-specific metabolic rates, thus 
negating the expected monotonic slowdown of metabolism as cell size increases. Scaling 
arguments suggest that the best evolutionary strategy for phytoplankton is to minimize cell 
size in order to maximize the surface to volume ratio, and thus avoid nutrient diffusion 
limitation, and reduce cell losses through sinking (Raven 1998). Increasing cell size leads to 
more intense self-shading (Finkel 2001, Finkel et al. 2004), a thicker boundary layer, and an 
increase in the average transport distance within the cell (Kiørboe 1993), making diffusion 
inadequate to maintain a constant solute concentration throughout the cytosol (Beardall et al. 
2009). However, large cells possess several traits which may help them to counterbalance the 
physiological constraints imposed by their size. These include changes in cell shape (e.g., the 
ellipsoidal shape in pennate diatoms), a high nutrient storage capacity (Litchman et al. 2007, 
Verdy et al. 2009), and a reduction in volume-specific nutrient requirements (Thingstad et al. 
2005). Additional work conducted with the same cultures described here has shown that the 
maximum nitrogen uptake rate (VmaxN) scales isometrically with cell volume, whereas the 
minimum nitrogen quota scales allometrically (Marañón et al. 2012). As a result, larger 
species have an increased ability to acquire nutrients, relative to their requirements, when they 
are available in large amounts. The high biomass-specific VmaxN  and nutrient storage ability 
of large cells make them particularly well-adapted to exploit transient situations of enhanced 
nutrient supply. 
5.4.2 Curvature in metabolic size-scaling 
 Size-scaling studies often rely on the analysis of the log-log relationship between 
individual metabolic rates and body size. Provided that the range of organism size is 
sufficiently wide, these relationships typically conform to a linear regression model with a 
high regression coefficient, which makes it easy to overlook the existence of non-linearities. 
This is illustrated in our data by the fact that, in spite of the high regression coefficient in the 
relationships between the logarithms of cell-specific photosynthesis rates and cell size, the 
size-dependence of carbon-specific photosynthesis (PC) was strongly non-linear, with 
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intermediate-size cells sustaining the fastest metabolism. The presence of curvature in the 
size-scaling of metabolic rates suggests that different biophysical and physiological 
constraints are operating along the size range considered (Kolokotrones et al. 2010).. In our 
cultures, measurements of carbon and nitrogen stoichiometry together with nitrogen 
maximum uptake rates suggest that the unimodality in PC is caused by changes in nutrient 
requirement, uptake and use along the size spectrum (Marañón et al. 2012).  
The small species in our study had lower carbon to nitrogen ratios, indicating they 
were comparatively more nitrogen-rich, and therefore had higher nitrogen requirements, than 
their larger counterparts (Marañón et al. 2012). In addition, the cellular space occupied by non 
scalable components (such as membranes and nucleic acids) increases with decreasing cell 
size, which means that picophytoplankton cells have a more limited amount of space to 
accommodate the catalysts involved in the synthesis of new biomass (Raven 1994, Beardall et 
al. 2009). Thus, in the small to medium size range, biomass-specific photosynthesis would 
increase with cell size because nitrogen requirements decrease and also because more space 
becomes available for the enzymes involved in biomass synthesis. In the medium-to-large size 
range, metabolism would slow down, in spite of the cells’ large nutrient uptake ability, as a 
result of the increasingly large intracellular distances for the transport of resources from the 
cell membrane (Banavar et al. 2010). These contrasting limiting factors in small and large 
species would thus explain the observed unimodal pattern in biomass-specific carbon fixation 
rates. 
5.4.3 Size- and taxon-related variability in respiration 
 The size-scaling of phytoplankton respiration has been analyzed in species within a 
cell volume range of approximately 10 to 104 µm3, Most of these studies have shown that 
respiration does not follow the ¾-power rule, but holds an isometric or near-isometric 
relationship with cell size (Banse 1976, Lewis Jr 1989), indicating that there is no systematic 
difference in mass-specific, individual respiration rates between small and large 
phytoplankton (Banse 1976, Blasco et al. 1982, Lewis Jr 1989, Tang &  Peters 1995). Our 
results confirm this pattern over a much wider size range (0.1 to 106 µm3), and thus provide 
additional evidence to negate the view that size-related differences in respiratory losses may 
contribute to explain the patterns of phytoplankton size structure in the sea (Laws 1975) 
.Contrary to photosynthesis, respiration did not show any sign of curvature in its size-scaling. 
Respiration in phytoplankton thus appears as a more conservative process than 
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photosynthesis, showing a smaller degree of variability both across the cell size spectrum and 
between growth phases. 
Dinoflagellates, which have often been shown to suffer relatively high respiratory 
losses (Banse 1982, Geider &  Osborne 1989), exhibited the highest mean respiration to 
photosynthesis ratio (0.19) of all groups during exponential growth. The enhanced respiration 
rates in dinoflagellates could be, in principle, related to the energetic costs of motility. 
However, energetic budget analyses suggest that the costs of motility in protists represent 
only a small fraction of total metabolic expenditure (Raven &  Beardall 1981, Crawford 
1992). In contrast, the cellular composition of dinoflagellates could explain their higher 
respiration rates. Compared to other algae, dinoflagellates contain a very large amount of 
genetic material, which may lead to higher energetic costs involved in DNA and RNA 
turnover (Rizzo 2003). An additional factor which can contribute to higher respiration is that 
the flagellar membrane in these organisms is not covered by the cell wall, which leads to a 
constant expenditure of energy for volume and osmotic regulation (Raven &  Beardall 1981). 
 During the stationary phase, cyanobacteria and chlorophytes, together with 
dinoglagellates, showed the highest respiratory losses (>40% of photosynthetically fixed 
carbon). The cyanobacteria and chlorophytes studied here were all very small cells (less than 
approximately 10 µm3
 5.4.5 Differences in carbon metabolism between growth phases  
 in cell volume) and had a comparatively small nutrient storage 
capacity. Hence, these species may have suffered more from nutrient exhaustion during the 
stationary phase and turned to macromolecule turnover as a source of energy, thus incurring 
in higher respiratory losses (Geider 1992). 
 We found that, in general, PC tends to decrease markedly during the stationary phase, 
indicating a reduction in photosynthetic carbon fixation, presumably induced by nutrient 
exhaustion in the external medium. In constrast, RC remained relatively unchanged, and as a 
result its relative importance for the overall cellular carbon budget increased during the 
stationary phase. Overall, our measurements suggest that the range of variation in biomass-
specific respiration is smaller than that of biomass-specific photosynthesis or growth rate 
(Marañón et al. 2012), and that the coupling between carbon fixation and respiration is rather 
loose, both of which agree with the data review of Geider (1992).  
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 Diatoms represented an exception to the general pattern of reduced PC
 
 during the 
stationary phase. Many diatoms species were able to sustain high rates of biomass-specific 
carbon fixation during the stationary phase, despite nitrogen exhaustion in the external 
medium. As a result, they tended to show increased carbon to nitrogen ratios in the 
biochemical composition (data not shown), which probably resulted from intracellular 
carbohydrate accumulation. The ability of diatoms to keep fixing carbon after nutrients are no 
longer available, together with their ability to take up nutrients at very fast rates when they are 
in highly supply (Marañón et al. 2012) allow them to uncouple carbon and nutrient uptake, 
which is likely to represent a competitive advantage in environments where nutrient delivery 
is discontinuous. 
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 Utilizando datos obtenidos en el campo durante una campaña oceanográfica y en 
experimentos con mesocosmos, además de medidas realizadas en cultivos de laboratorio, el 
trabajo realizado durante la presente Tesis representa una contribución para avanzar en el 
conocimiento de la relación entre el tamaño celular, la composición taxonómica y la actividad 
metabólica del fitoplancton. Se ha prestado una atención especial a la liberación extracelular 
de carbono orgánico recién fotosintetizado, pues este proceso ha sido tradicionalmente menos 
estudiado que la producción primaria particulada. Se aportan asimismo medidas de exudación 
y respiración obtenidas, siguiendo el mismo protocolo experimental y en cultivos 
experimentando condiciones de crecimiento idénticas, en un rango amplio de afiliación 
taxonómica y tamaño celular. Los resultados obtenidos permitirán mejorar la parametrización 
de procesos fisiológicos clave en los modelos ecológicos y biogeoquímicos al uso, que 
habitualmente consideran diferentes grupos funcionales y/o clases de tamaño en fitoplancton. 
Además, estos resultados ayudan a resolver algunas cuestiones importantes que han venido 
planteándose en los últimos años en el campo de la ecología del fitoplancton, y que son 
relevantes para entender el funcionamiento de los ecosistemas pelágicos.  
 
6.1 La importancia de la liberación extracelular de carbono orgánico disuelto. 
Gran parte de la información disponible sobre las tasas metabólicas en el fitoplancton 
marino se ha centrado principalmente en los procesos de fijación de carbono y respiración. 
Comparativamente, se sabe poco sobre el proceso de exudación o liberación extracelular de 
carbono recién fotosintetizado y especialmente cómo varía entre ecosistemas. En parte ello es 
debido a que tradicionalmente se ha considerado que la exudación representa una fracción 
pequeña de la fijación total de carbono (Thomas 1971, Fogg 1983, Baines &  Pace 1991) y 
frecuentemente no se incluye de manera rutinaria en los estudios de producción primaria 
marina. Sin embargo, los datos del porcentaje de liberación extracelular mostrados en este 
trabajo (capítulos 2 y 3) indican que la exudación puede ser una parte importante en la 
producción primaria total, variando entre un 20% en un ecosistema muy productivo como la 
Ría de Vigo (López-Sandoval et al. 2010) hasta más de 30% en una región oligotrófica como 
el Mar Mediterráneo (López-Sandoval et al. 2011).  
La pendiente de las relaciones entre la fijación de carbono y la exudación obtenidas 
tanto en la Ría de Vigo como en el Mar Mediterráneo no fueron significativamente diferentes 
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a 1, lo cual sugiere que el porcentaje de liberación extracelular  (PER) es relativamente 
constante a lo largo del rango de producción medido. Es decir, se trataría de un proceso 
relativamente constante en el tiempo (entre los diferentes periodos estudiados) y en el espacio 
(a lo largo del gradiente longitudinal analizado). Este resultado se vio confirmado al no 
encontrase diferencias significativas en el promedio de PER ni entre épocas en la Ría de Vigo 
ni entre estaciones en el transecto longitudinal estudiado en el Mar Mediterráneo. 
 Existen razones biofísicas para esperar que la importancia relativa de la exudación del 
fitoplancton guarde una relación con la estructura de tamaños, ya que las células pequeñas 
poseen una relación superficie/volumen mayor que las células grandes y esta característica 
podría favorecer la difusión pasiva de compuestos de bajo peso molecular a través de la 
membrana celular (Bjørnsen 1988, Kiørboe 1993). De hecho, se han encontrado altos valores 
de PER en regiones oligotróficas del océano (Karl et al. 1998), donde las comunidades 
fitoplanctónicas suelen estar dominadas por picofitoplancton. Asimismo, se han encontrado 
correlaciones positivas entre la importancia relativa de las células pequeñas y el porcentaje de 
liberación extracelular (Teira et al. 2001, Morán et al. 2002). Sin embargo, la correlación 
entre la estructura de tamaños y el porcentaje de liberación extracelular no siempre se 
encuentra (Marañón et al. 2004). 
Hasta el momento, los trabajos donde se analiza la relación entre la exudación y el 
tamaño celular en el fitoplancton se han llevado a cabo con poblaciones naturales, lo que 
imposibilita aislar el efecto que tienen en las tasas de exudación variables como el tamaño 
celular, el estrés ocasionado por las fluctuaciones en la disponibilidad de nutrientes o luz, la 
presión de los herbívoros, diferencias en el estado fisiológico de las distintas especies 
presentes en la comunidad muestreada, etc. La única manera de aislar el efecto del tamaño 
celular es bajo condiciones controladas en cultivos de fitoplancton en el laboratorio. Sin 
embargo, los trabajos disponibles incluyen pocas especies, trabajan con un solo taxón, o bien 
consideran un rango de tamaños celulares pequeño (Berman &  Holm-Hansen 1974, 
Malinsky-Rushansky &  Legrand 1996, Finkel 1998). En la presente tesis, se han obtenido 
medidas de exudación, durante tres fases de crecimiento, en un total de 22 especies de 
fitoplancton que cubrían un rango de tamaño de más de 6 órdenes de magnitud (0.1 - >106 
µm3en volumen) y que incluían diatomeas, dinoflagelados, cocolitofóridos, clorofíceas y 
cianobacterias (capítulo 4). 
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 Los resultados obtenidos demuestran que el porcentaje de exudación del fitoplancton 
no guarda ningún tipo de relación con el tamaño celular y permanece constante entre fases de 
crecimiento. Trabajos previos con cultivos sugieren que a medida que las tasas de crecimiento 
disminuyen (en la fase estacionaria, cuando los nutrientes son limitantes), la exudación de 
compuestos orgánicos aumenta (Myklestad 1977, 1989, Obernosterer &  Herndl 1995). Sin 
embargo, dicho aumento no fue observado en nuestro estudio. Es posible que, a pesar de que 
la concentración de nitrógeno inorgánico en el medio externo fuese baja, la capacidad de las 
células de almacenar nitrógeno intracelularmente impidiera que estuvieran fuertemente 
limitadas.  
Los valores de PER encontrados en nuestros cultivos fueron sensiblemente menores 
(2% en promedio para el conjunto de todas las especies y fases de crecimiento) a los medidos 
en poblaciones naturales. Ello sugiere que la fuerte variabilidad en las condiciones 
ambientales (intensidad y longitud de onda de la irradiancia, disponibilidad de nutrientes, 
temperatura, etc.) experimentadas por las poblaciones naturales aumenta las pérdidas de 
carbono orgánico disuelto. Un factor adicional que también puede estar implicado es la 
actividad del zooplancton, que en condiciones naturales también puede contribuir a que 
aumenten las pérdidas de carbono orgánico en forma disuelta. Sin embargo, el hecho de que 
los experimentos de series de tiempo muestren que la producción de carbono orgánico 
disuelto cesa en el momento en que comienza la fase oscura del fotoperiodo (Marañón et al. 
2004, Marañón et al. 2005) sugiere que la depredación no es el principal mecanismo 
conducente a la liberación extracelular de los productos recientes de la fotosíntesis. 
6.2. Tamaño celular y metabolismo del fitoplancton 
Uno de los patrones macroecológicos más establecidos, que ha llegado a considerarse 
una ley universal en biología (Whitfield 2001), es que la tasa metabólica depende del tamaño 
corporal de forma alométrica, según una función potencial cuyo exponente oscila entre ⅔ y ¾. 
A partir de que Kleiber (1932) mostrara que la tasa metabólica de aves y mamíferos era 
proporcional a la masa corporal elevada a la potencia de ¾ (la así llamada ley de Kleiber), la 
validez de este exponente se ha visto confirmada en una amplia diversidad de organismos, 
incluyendo protistas unicelulares, metazoos y plantas (West et al. 1997, 1999, Niklas &  
Enquist 2001, Price et al. 2010). Sin embargo, aún existe una gran controversia respecto a este 
tema, no solamente respecto al valor que toma el exponente, sino también respecto a la 
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posibilidad de que un único exponente pueda no ser adecuado para todos los organismos 
(Glazier 2006, DeLong et al. 2010). 
 En el caso del fitoplancton, el tamaño celular tiene un efecto directo sobre distintos 
procesos fisiológicos y ecológicos como la captación de nutrientes, la absorción de la luz, la 
velocidad de sedimentación (Kiørboe 1993) y distintas tasas metabólicas como la fijación de 
carbono (Blasco &  Conway 1982) o la respiración  (Banse 1976, Tang &  Peters 1995). 
Diversos estudios han señalado que es posible aplicar la ley de Kleiber para predecir el 
metabolismo del fitoplancton (Laws 1975, Blasco &  Conway 1982, López-Urrutia 2008); sin 
embargo, trabajos recientes con poblaciones naturales han destacado que la relación que 
existe entre el tamaño celular y la tasa metabólica en estos organismos es en realidad 
isométrica (Marañón et al. 2007, Marañón 2008, Huete-Ortega et al. 2011), lo que implica 
que las células grandes tienen tasas metabólicas mayores de lo que se esperaría para su 
tamaño, y ofrece una explicación alternativa al hecho de que dominen en sistemas productivos 
(Huete-Ortega et al. 2011).  
Muchos de los estudios que abordan la relación entre tamaño celular y tasa metabólica 
en fitoplancton tienen importantes limitaciones metodológicas. Una gran mayoría se basa en 
el análisis de datos recopilados de la literatura (Laws 1975, Banse 1976, Marañón 2008). La 
principal fuente de incertidumbre es en este caso la disparidad en los métodos experimentales 
utilizados y en las condiciones de crecimiento de las poblaciones. En el caso de los pocos 
estudios en los que se han hecho medidas directas con cultivos, o bien consideran pocas 
especies (Falkowski &  Owens 1978) o incluyen un único grupo taxonómico (Blasco et al. 
1982, Finkel 1998). Además, los estudios de laboratorio realizados hasta ahora cubren un 
rango de tamaños incompleto, pues no incluyen especies por debajo de 50-100 um3 (el 
nanofitoplancton pequeño y el picofitoplancton). Por su parte, en los estudios con poblaciones 
naturales distintos factores pueden condicionar la medida de la actividad metabólica de las 
especies de distintos tamaños. Finalmente, el uso del volumen o del carbono celular como 
expresión del tamaño celular ha contribuido también a la disparidad en el valor obtenido del 
exponente de la relación entre tamaño y tasa metabólica, ya que el contenido de carbono por 
unidad de volumen tiende a disminuir a medida que aumenta el tamaño del fitoplancton, en 
parte debido a la presencia de vacuolas en células grandes como las diatomeas (Banse 1976, 
Johnson et al. 2009). 
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Los resultados obtenidos (capítulo 5) demuestran inequívocamente que el 
metabolismo del fitoplancton no cumple la ley de Kleiber, ya que la pendiente en la relación 
log-log entre tasa metabólica y volumen celular fue significativamente mayor de ¾ tanto para 
fotosíntesis y exudación como para la respiración. El valor de la pendiente se hace aún mayor 
si el tamaño celular es expresado en términos de contenido de carbono. Estos resultados 
coinciden con las observaciones de DeLong et al. (2010), quienes encontraron que en 
protistas unicelulares la tasa metabólica era relativamente independiente del tamaño. La 
isometría o quasi isometría del metabolismo en fitoplancton significa que organismos de 
tamaños enormemente dispares sostienen tasas metabólicas por unidad de biomasa 
semejantes. En términos teóricos, se suele aceptar que la mejor estrategia evolutiva para el 
fitoplancton debería consistir en minimizar el tamaño celular para maximizar la relación que 
hay entre la superficie y el volumen, así como reducir las pérdidas por sedimentación (Raven 
1998). Si se considera que un aumento de tamaño en estos organismos implica que aumenta el 
efecto de empaquetamiento (lo que puede conducir a una disminución del metabolismo 
debido a la limitación por luz) (Finkel 2001, Finkel et al. 2004) y que la difusión se hace cada 
vez más ineficiente para mantener una concentración de solutos constante en el citoplasma 
(Beardall et al. 2009), resulta llamativo que células grandes y pequeñas presenten tasas de 
fotosíntesis específica (tasas de renovación) relativamente similares. La supuesta limitación 
de una menor relación superficie/volumen esperada en células grandes parece ser compensada 
por diferentes estrategias, como cambios en la forma celular, la presencia de la vacuola, que 
aumenta la superficie de intercambio para la captación de los nutrientes, la disminución en los 
requerimientos específicos de nutrientes (Thingstad et al. 2005), y la capacidad para mantener 
la misma tasa de captación de nutrientes por unidad de volumen que las células más pequeñas 
(Marañón et al. 2012).   
6.3. Curvatura en la relación entre tamaño y tasa metabólica  
Los modelos lineales utilizados para representar la relación entre los logaritmos del 
tamaño celular y la tasa metabólica explican una parte importante de la variabilidad de los 
datos; sin embargo, dicha representación puede enmascarar patrones no lineales, que se 
manifiestan al representar la tasa metabólica específica (por unidad de biomasa). En nuestros 
experimentos, la relación de la fotosíntesis por unidad de biomasa (h-1) con el tamaño 
presentaba un marcado patrón unimodal, en donde las tasas de fijación más altas 
correspondían a las células de tamaño intermedio (capítulo 5). Lo anterior sugiere que una 
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sola ecuación potencial no puede describir la relación que existe entre el tamaño celular y el 
metabolismo, ya que en el caso de la fotosíntesis por unidad de biomasa, la pendiente de la 
relación entre el tamaño y la tasa es positiva cuando el rango de tamaños es a partir de células 
pequeñas hasta células de tamaño medio, y negativa cuando el rango es a partir de las tallas 
intermedias hasta las grandes. Durante los experimentos de laboratorio aquí descritos se 
realizaron medidas de variables adicionales como la tasa de captación máxima de nitrógeno y 
las cuotas intracelulares de nitrógeno mínimas y máximas. Estas medidas sugieren que la 
unimodalidad en la relación entre tamaño y producción de biomasa en fitoplancton es el 
resultado de cambios a lo largo del espectro de tamaños en la interacción entre el 
requerimiento, la captación y el uso de los nutrientes (Marañón et al. 2012). En el rango de las 
especies de tamaño pequeño a intermedio (por debajo de 50-100 um3), la tasa metabólica 
específica aumenta con el tamaño gracias a que las células van teniendo un menor 
requerimiento de nitrógeno y a que progresivamente tienen más espacio celular disponible 
para los enzimas implicados en la síntesis de nueva biomasa. En el rango de tamaños 
intermedios a grandes (por encima de 100 um3), la tasa metabólica específica disminuye con 
el tamaño probablemente a consecuencia del aumento en las distancias intracelulares para el 
transporte de los recursos.  
6.4. ¿Varía la respiración a lo largo del espectro de tamaños? 
 En la mayoría de los organismos la relación que existe entre el tamaño y la respiración 
es descrita mediante una relación alométrica cuyo exponente suele ser 0.75. Esto quiere decir 
que, en comparación con los organismos pequeños, las demandas energéticas de los 
organismos grandes son menores. En el caso del fitoplancton, la relación que existe entre el 
tamaño y la respiración ha sido objeto de largo debate. Los primeros estudios en los que se 
aborda directamente este tema muestran pendientes que varían entre 0.69 (Laws 1975) y 0.93 
(Banse 1976, Blasco et al. 1982, Tang &  Peters 1995). Estos estudios se basaban bien en 
datos tomados de la literatura, o en medidas realizadas con pocas especies y cubriendo un 
rango pequeño de tamaños. Los resultados presentados en esta tesis demuestran que la 
relación que existe entre el tamaño (medido como biomasa de carbono) y la respiración tiene 
una pendiente que no es significativamente distinta a 1.  Esto confirma, en un rango de 
tamaños y taxonómico mucho más amplio, los resultados de Lewis (1989) y de Falkowski &  
Owens (1978), y permite concluir que la respiración en el fitoplancton es independiente del 
tamaño celular. Por tanto, se puede rechazar la hipótesis de que cambios con respecto al 
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tamaño en las pérdidas por respiración desempeñen un papel en el control de la estructura de 
tamaños del fitoplancton (Laws 1975). Dado que, como se ha discutido anteriormente, 
tampoco la exudación muestra una dependencia del tamaño, podemos concluir que son los 
procesos anabólicos de producción de biomasa y no los procesos de pérdida los que controlan 
la relación entre crecimiento y tamaño en fitoplancton, y por tanto el potencial de las especies 
en distintas clases de tamaño para dominar durante situaciones de elevada disponibilidad de 
recursos.  
6.5. Afiliación taxonómica y metabolismo  
 Al considerar la variabilidad de diferentes procesos metabólicos en fitoplancton, se 
deben tener en cuenta también las diferencias en estructura y composición celular que existen 
entre grupos taxonómicos o especies, ya que éstas implican diferentes requerimientos 
energéticos que a su vez pueden influir en las tasas metabólicas (Raven &  Beardall 1981). 
Por ejemplo, nuestros resultados muestran que las pérdidas por respiración son mayores en los 
dinoflagelados, como ya se había observado en varias revisiones de datos de la literatura 
(Geider &  Osborne 1989). Las altas tasas de respiración en dinoflagelados pueden estar 
relacionadas con el hecho de que poseen una gran cantidad de ADN en su núcleo (Rizzo 
2003). Para sostener las tasas de renovación del material genético, así como para mantener 
otras actividades celulares como la regulación osmótica del flagelo y la motilidad (Raven &  
Beardall 1981), estos organismos deberán invertir una mayor cantidad de energía (ATP) 
proveniente de la respiración.  
 Otra muestra de la importancia de la afiliación taxonómica se encuentra al comparar la 
tasa de producción por unidad de biomasa (PC) en la fase exponencial de crecimiento y en la 
fase estacionaria (capítulo 5). En la mayor parte de las especies, PC disminuyó en la fase 
estacionaria con respecto a la fase exponencial, presumiblemente como resultado de la 
limitación por nitrógeno. Sin embargo, en el caso de las diatomeas se encontró que muchas 
especies fueron capaces de mantener valores de PC durante la fase estacionaria semejantes a 
los sostenidos durante la fase exponencial. Ello implica que las diatomeas son capaces de 
mantener la fijación de carbono en situaciones de falta de nitrógeno, aumentando con ello la 
relación C:N de su biomasa. Ello permite a las diatomeas desacoplar parcialmente el 
metabolismo del carbono y del nitrógeno, y puede contribuir a explicar su éxito en situaciones 
oceanográficas caracterizadas por un suministro discontinuo de nutrientes (Litchman 2006). 
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6.6. Conclusiones 
1. La liberación extracelular de productos recientes de la fotosíntesis por parte del 
fitoplancton representa una fracción importante de la producción primaria total en el 
medio pelágico, que oscila entre un 20% en ecosistemas altamente productivos hasta 
>35% en aguas oligotróficas. Dentro de los ecosistemas estudiados, el proceso de la 
exudación aparece como relativamente constante a lo largo de escalas temporales y 
espaciales. 
 
2. La exudación de compuestos orgánicos tiene lugar en cualquier fase de crecimiento de 
las poblaciones y su importancia cuantitativa es independiente de la estructura de 
tamaños y de la composición taxonómica de la comunidad de fitoplancton.   
 
3. La fotosíntesis, la exudación y la respiración del fitoplancton se relacionan con el 
tamaño celular de forma isométrica o aproximadamente isométrica, lo que significa 
que especies de tamaños celulares distintos sostienen tasas metabólicas semejantes. 
Estos resultados demuestran de forma concluyente que el metabolismo del 
fitoplancton no sigue la ley de Kleiber.  
 
4. La relación entre la tasa individual de fijación fotosintética de carbono y el tamaño 
celular presenta una curvatura, de manera que la producción por unidad de biomasa es 
una función unimodal del tamaño, alcanzando sus valores más elevados en especies de 
entre 50 y 200 µm3
 
 de volumen.   
5. Las pérdidas por exudación y respiración representan, respectivamente, en torno al 2% 
y < 17% de la fijación fotosintética de carbono en cultivos de fitoplancton, y su 
importancia relativa es independiente del tamaño celular.  
 
6. La afiliación taxonómica también contribuye a explicar la variabilidad de algunos 
procesos metabólicos. Así, los dinoflagelados se caracterizan por presentar tasas de 
respiración  más elevadas que otros grupos, mientras que las diatomeas presentan la 
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capacidad de mantener la fijación de carbono durante la fase estacionaria de 
crecimiento.   
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Introducción 
Rasgos funcionales y ecología del fitoplancton 
 La estructura y composición de la comunidad fitoplanctónica juega un papel muy 
importante en el funcionamiento de los sistemas acuáticos. Cambios en la estructura de 
tamaños en las comunidades modifican la estructura de las redes tróficas, lo que en última 
instancia determina el flujo y destino del carbono en el interior del océano (Legendre &  Le 
Fèvre 1991, Falkowski &  Oliver 2007). Por otro lado, debido a que cada grupo de 
organismos se caracteriza por tener distintos requerimientos nutricionales, la composición de 
la comunidad tiene un efecto directo sobre los ciclos biogeoquímicos de elementos tales como 
el carbono, el nitrógeno, el fósforo y el silicio (Peters 1986, Falkowski et al. 2004). La 
distribución de las poblaciones fitoplanctónicas es el resultado de la interacción entre los 
ciclos de vida de un gran número de especies y las propiedades selectivas del ambiente, que 
varían en el tiempo y el espacio (Margalef 1978), y que, como consecuencia, influirán 
directamente en las características o rasgos fisiológicos fundamentales como el tamaño 
celular, la tasa de crecimiento o las tasas metabólicas específicas. Muchos de los rasgos que 
caracterizan a los distintos grupos no son independientes entre sí, sino que se encuentran 
interrelacionados a través de procesos de compromiso o trade-off. En estos casos, un rasgo 
determinado puede conferir una cierta ventaja para determinada función o en unas 
determinadas condiciones, y al mismo tiempo representar una desventaja desde el punto de 
vista de otra función o en otra situación ambiental (Litchman &  Klausmeier 2008).  
Tamaño celular y metabolismo en fitoplancton 
Las relaciones en las que el tamaño de un organismo influye sobre una propiedad 
física o fisiológica (p. ej., metabolismo, tasa de crecimiento) se conocen como relaciones 
alométricas (Brown et al. 2004). Estas relaciones predicen una disminución de la tasa 
metabólica por unidad de biomasa (M) con el tamaño del organismo (T, en unidades de 
biomasa o volumen) y son descritas mediante la ecuación potencial M = aT b, donde b es el 
exponente alométrico, cuyo valor suele variar entre 0.66-0.75, mientras que a es un 
coeficiente relacionado con la afiliación taxonómica (Falkowski &  Raven 2007). Durante 
mucho tiempo ha existido un gran debate sobre el exponente que mejor describe las relaciones 
alométricas. A partir de los resultados obtenidos por Kleiber (1932), los cuales muestran que 
la tasa metabólica de aves y mamíferos guarda una relación alómetrica con el tamaño con un 
exponente de ¾ (Ley de Kleiber), el uso de este exponente para describir las relaciones que 
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existen entre una función biológica y el tamaño se ha demostrado válido para una gran 
variedad de organismos (West et al. 1999, Savage et al. 2004, Beardall et al. 2009, Beardall et 
al. 2009). Sin embargo, en el caso de los organismos fitoplanctónicos, el uso de la Ley de 
Kleiber para predecir cambios en las tasas metabólicas sigue sujeto a debate.   
En el fitoplancton, el tamaño tiene un efecto sobre distintos procesos fisiológicos y 
ecológicos como la absorción de la luz, el hundimiento, la depredación, así como sobre la tasa 
de crecimiento (Laws 1975, Tang 1995) y diferentes tasas metabólicas (Laws 1975, Banse 
1976, Blasco et al. 1982, Tang &  Peters 1995). Sin embargo, no existe un consenso en los 
resultados, y las relaciones entre el tamaño y la tasa metabólica obtenidas son dispares. En 
algunos casos se confirma la Ley de Kleiber (Taguchi 1976, Blasco et al. 1982, López-Urrutia 
2008), mientras que otros estudios muestran puede ser  mayor a 0.75 (Tang &  Peters 1995), 
igual a 1 ( relaciones isométricas) (Banse 1976, Marañón et al. 2007, Huete-Ortega et al. 
2012) o bien, muestran una relación no lineal (Chen &  Liu 2010, Wirtz 2011, Marañón et al. 
2012), por lo que aún no ha sido posible esclarecer definitivamente cómo influye el tamaño 
celular en el metabolismo del fitoplancton y cómo varía en función de la composición 
taxonómica.  
La exudación de carbono orgánico 
 La liberación extracelular de compuestos orgánicos disueltos recientemente 
sintetizados (también denominada producción primaria disuelta) es un proceso natural 
(Mague et al. 1980) que tiene lugar en cualquier fase de crecimiento en las células 
fitoplanctónicas (Hellebust 1965, Obernosterer &  Herndl 1995). El proceso de exudación 
puede ser explicado por dos mecanismos que no son mutuamente excluyentes: la difusión 
pasiva de moléculas pequeñas de bajo peso molecular (< 900 daltons) a través de la 
membrana celular (Bjørnsen 1988), o una liberación activa de compuestos que puede ser 
resultado de sufrir algún tipo de estrés ya sea por luz o nutrientes (Fogg 1983, Wood &  Van 
Valen 1990).  Algunos autores han sugerido que en células de tamaño pequeño tiene lugar una 
mayor liberación de compuestos orgánicos a través de la membrana (mayor exudación), como 
resultado de su mayor superficie/volumen (Malinsky-Rushansky &  Legrand 1996). 
  Esta idea se puede ver reforzada por las diferencias encontradas en el porcentaje de 
liberación extracelular entre regiones oligotróficas dominadas por pico y nanofitoplancton,  y 
zonas de alta productividad donde la comunidad es dominada por células grandes. A pesar de 
que en algunos estudios se ha encontrado que el PER tiene una relación significativa con la 
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importancia relativa del picofitoplancton (Malinsky-Rushansky &  Legrand 1996, Teira et al. 
2001), dicha relación no siempre se encuentra (Marañón et al. 2004). Una dificultad en el 
estudio de la importancia de la exudación en relación al tamaño celular del fitoplancton es que 
en el medio natural los cambios en la estructura de tamaños están habitualmente acompañados 
de cambios muy marcados en condiciones ambientales clave como la disponibilidad de 
nutrientes, lo que dificulta separar los diferentes efectos. Asimismo, se ha encontrado que la 
importancia relativa de la liberación extracelular puede depender de la fase de crecimiento o 
estado fisiológico en que se encuentren las poblaciones (Obernosterer &  Herndl 1995). Por 
ello, se hace necesario el estudio de la exudación en diferentes momentos de la dinámica de 
crecimiento del fitoplancton.   
Fotosíntesis y respiración 
 En el caso de la fijación de carbono o producción primaria, estudios realizados con 
cultivos de microalgas (principalmente diatomeas) han encontrado que la tasa fotosintética y 
el tamaño celular frecuentemente guardan una relación alométrica (Blasco et al. 1982, Finkel 
1998, López-Urrutia et al. 2006). Sin embargo, estudios recientes han demostrado que en 
poblaciones naturales dicha relación no sólo se aleja de la ley de los 3/4, ya que el exponente 
encontrado sería igual o mayor a uno (lo cual implicaría que las células grandes tienen tasas 
metabólicas más altas a las esperadas para su tamaño) (Marañón et al. 2007, Marañón 2008, 
Huete-Ortega et al. 2011), sino que además puede existir una curvatura en la relación entre la 
tasa fotosintética individual y el tamaño celular (Chen &  Liu 2010). Esto implicaría que, en 
vez de ser constante, el valor de la pendiente en la relación log-log entre tasa metabólica y 
tamaño celular tomaría valores diferentes en diferentes rangos de tamaño. Sin embargo, en 
todos estos trabajos hay una serie de limitaciones metodológicas que impiden esclarecer el 
tipo de relación que existe entre el tamaño celular y la tasa fotosintética. En los estudios de 
campo, no es posible aislar el efecto del tamaño per se, ya que existen otras fuentes de 
variación que pueden estar afectado directamente a las tasas de fijación de carbono. Por otro 
lado, los pocos estudios realizados con cultivos (Blasco et al. 1982, Finkel 1998) incluyen un 
número relativamente pequeño de especies y grupos taxonómicos, y consideran un rango de 
tamaños limitado al nano- y micro-fitoplancton, sin considerar el picofitoplancton.  
 Comparativamente con los datos de fotosíntesis, los trabajos donde se relacionan la 
respiración y el tamaño celular en fitoplancton son escasos. La pendiente de las relaciones 
entre las tasas individuales de respiración y el tamaño varía entre 0.69 y 0.90 (Laws 1975, 
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Banse 1976, Tang &  Peters 1995). Algunos autores han sugerido que existe una relación 
inversa entre la tasas específica de respiración y el tamaño celular, y que el balance entre 
respiración y producción puede ser uno de los factores principales que determinan la 
distribución de células fitoplanctónicas menores con volumen menor de 104 µm3 (Laws 
1975). Sin embargo, la relación entre la tasa específica de respiración (por unidad de biomasa) 
y el tamaño no siempre aparece (Falkowski &  Owens 1978), por lo que no queda claro si este 
proceso catabólico puede realmente desempeñar un papel en la determinación de la estructura 
de tamaños del fitoplancton en el océano. Por otro lado, a lo largo del espectro de tamaños 
tienen lugar también cambios importantes en la afiliación taxonómica del fitoplancton. Por 
todo ello, es importante también determinar la importancia de la exudación y la respiración en 
diferentes grupos filogenéticos, y comunidades de fitoplancton caracterizadas por diferente 
composición taxonómica.     
Objetivos y estructura de la Tesis  
 El objetivo general de esta Tesis es avanzar en el conocimiento de la relación entre 
tamaño celular, estructura de la comunidad y metabolismo del fitoplancton, prestando especial 
atención a la exudación de carbono orgánico disuelto pero abordando también la fijación 
fotosintética de carbono así como la respiración. La hipótesis general de partida es que existe 
una relación funcional entre estructura de la comunidad, entendida tanto desde el punto de 
vista del tamaño celular como de la afiliación taxonómica, y tasas metabólicas críticas como 
la fotosíntesis, la exudación y la respiración. Los objetivos específicos abordados se pueden 
resumir de la siguiente manera: 
• Determinar la variabilidad y factores de control del porcentaje de liberación 
extracelular en ambientes fuertemente contrastados desde el punto de vista del nivel de 
producción y de la estructura de tamaños y composición de la comunidad de 
fitoplancton. 
• Estudiar la relación entre la importancia de la exudación y la estructura de la 
comunidad en dos regiones de productividad diferente.  
• Determinar cómo varía la importancia de la producción de carbono orgánico disuelto a 
lo largo de la dinámica de crecimiento y decaimiento de comunidades naturales de 
fitoplancton.  
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• Verificar la hipótesis de que el metabolismo del fitoplancton sigue la relación 
alométrica de los ¾ 
• Comprobar si las relaciones de escalamiento entre tamaño celular y tasas metabólicas 
se ven afectadas por la fase de crecimiento y el estado fisiológico de las poblaciones. 
• Determinar experimentalmente la relación entre la tasa de respiración y el tamaño 
celular así como investigar la existencia de diferencias entre grupos taxonómicos 
respecto a la importancia relativa de la respiración. 
Durante la fase experimental de esta Tesis se llevaron a cabo medidas en el campo con 
comunidades naturales así como experimentos con cultivos de laboratorio. El trabajo de 
campo se realizó en dos ecosistemas caracterizados por una estructura de la comunidad y un 
nivel de productividad muy diferentes: la Ría de Vigo, un ecosistema costero altamente 
productivo, y el Mar Mediterráneo, una región fuertemente oligotrófica. El trabajo de 
laboratorio consistió en el mantenimiento de cultivos batch de 22 especies de fitoplancton, 
que abarcaban un amplio rango de tamaños celulares y afiliación taxonómica, y en los que se 
midieron, durante diferentes fases del ciclo de crecimiento, las tasas de fotosíntesis, exudación 
y respiración.     
Capítulo 2: Producción primaria disuelta y particulada en distintas poblaciones de 
fitoplancton medidas en experimentos de mesocosmos en la Ría de Vigo (NO, España). 
 
 Con la finalidad de establecer si existían diferencias en el porcentaje de liberación 
extracelular bajo condiciones de alta y baja productividad y durante diferentes fases en el 
desarrollo de proliferaciones de fitoplancton, así como investigar si la importancia de la 
exudación guarda relación con la composición de la comunidad, se estudió la tasa de fijación 
de carbono o producción primaria particulada (POCp), la exudación o producción primaria 
disuelta  (DOCp), la composición taxonómica, la biomasa del fitoplancton y la producción 
bacteriana en mesocosmos experimentales en la Ría de Vigo. Los experimentos con 
mesocosmos se realizaron durante cuatro épocas que se corresponden con situaciones 
hidrográficas y ecológicas características de este ecosistema: la proliferación de primavera, el 
período estival de estratificación térmica, el afloramiento de otoño y la mezcla vertical de 
invierno.  
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 La comunidad fitoplanctónica de la región era caracterizada por células grandes,  
microfitoplancton (> 20 µm en tamaño), en su mayoría diatomeas,  exceptuando el periodo de 
estratificación invernal cuando células de entre 2-20 y < 2µm (flagelados y picofitoplancton) 
adquirieron una mayor importancia relativa (Tabla 1).  
 
Tabla 1.  Contribución media a la biomasa de los diferentes grupos fitoplanctónicos y el 
porcentaje de liberación extracelular ([PER=100*DOCp/(DOCp+POCp)]) para cada 
experimento. La desviación estándar es indicada en el (N = 7 para todos los experimentos). 
 
 
 
 
 
 
 
La pendiente de la línea de regresión (RMA) entre el log de de la producción disuelta y el 
logaritmo de la producción particulada no fue significativamente distinta de 1 (Test Clarke, P 
= 0.9), lo cual indica que la contribución relativa del DOCp a la productividad total del 
sistema no variaba a lo largo del rango de POCp medido (Fig 1).  
 
 
Figura 1. Relación entre la producción primaria particulada (POCp) y disuelta (DOCp) con 
todos los datos obtenidos en las cuatro temporadas.  
 
% Marzo  2005 Julio 2005 Septiembre 2005 Enero 2006 
Diatomeas (>20 µm) 82 (4) 77 (9) 62 (25) 5 (6) 
Dinoflagelados autótrofos 
(>20 µm) 10 (3) 16 (6) 25 (21) 48 (12) 
Nanoflagelados autótrofos  6 (2) 4 (2) 10 (7) 29 (7) 
Picofitoplancton 2 (2) 3 (2) 3 (1) 18 (8) 
PER 13 (5) 23 (6) 23(7) 17 (4) 
 107 
 
 
 El valor medio de PER fue 19% (SD, 9), con los valores más bajos encontrados en 
Marzo (13% [SD, 5]), sin embargo, a pesar de las diferencias observadas entre periodos, 
dichas diferencias no fueron significativas  (RMANOVA, P = 0.3).  El PER no guardaba 
relación con el periodo muestreado, la biomasa, la producción fitoplanctónica, la composición 
de la comunidad ni con la estructura de tamaños.  Durante los períodos de proliferaciones 
algales, se observo un incremento en el porcentaje de liberación extracelular de la fase 
exponencial (14%) hacia la fase senescente (23%).  La demanda de carbono por las bacterias 
y el DOCp no estaban acoplados, lo cual sugiere que otros procesos, además de la exudación, 
otras fuentes de DOC son importantes para sostener el crecimiento de las bacterias en ésta 
zona.  En conclusión se observo que la producción primaria disuelta es un proceso importante 
en un sistema costero cómo la Ría de Vigo, es un proceso que no se encuentra relacionado 
con la estructura de tamaños ni la composición de la comunidad, pero que adquiere una mayor 
importancia hacia el final de los proliferaciones algales. 
 
Capítulo 3: Producción primaria disuelta y particulada a lo largo de un gradiente 
longitudinal en el Mar Mediterráneo.  
 
 Con la finalidad de determinar la importancia relativa de la exudación en un 
ecosistema oligotrófico, y su relación con la estructura de tamaños de la comunidad 
fitoplanctónica presente, se midieron, las tasas de fijación de carbono, la exudación y la 
biomasa de fitoplancton en tres clases de tamaño a lo largo de un gradiente longitudinal en el 
Mar Mediterráneo durante el periodo de estratificación de verano.   Durante este trabajo se 
observó un ligero aumento en las tasas de producción disuelta y particulada desde el Este al 
Oeste, mientras que el PER permaneció relativamente constante a lo largo del transecto 
medido (Fig. 2). Los valores relativamente constantes en PER se confirmaron cuando la 
relación de los valores volumétricos e integrados entre POCp y DOCp se compararon entre 
estaciones. La correlación fue altamente significativa tanto con los datos volumétricos (r2 = 
0.84, P < 0.001, N =  69, Fig. 3A), como con los datos integrados (r2 = 0.74, P < 0.001, N = 
12, Fig 3B).  La pendiente de la línea de regresión (modelo II), en ambos casos, no fue 
significativamente distinta a 1 (Test Clarke, P = 0.42 and P = 0.97, respectivamente), 
indicando que la contribución relativa de DOCp a la producción total  (POCp + DOCp)  es 
108 
 
relativamente constante a través de todo el rango de POCp medido, representando un 37% 
(SD, 4) de la producción total integrada en la columna de agua.  
 
Figura 2. Producción primaria disuelta (POCp) y particulada (DOCp) integrada en la columna 
de agua (mgC m-2 d-1) y el porcentaje de liberación extracelular (PER) a lo largo de un 
gradiente longitudinal en el Mar Mediterráneo.  
 
Figura 3. Relación log-log entre la producción primaria particulada (POCp) y disuelta 
(DOCp) con todos los datos agrupados (A) y con los datos integrados en la columna de agua 
(B).  En ambos casos, la pendiente de la línea de regresión no fue significativamente distitna a 
1 (Test, Clarke, P = 0.42 and 0.97 para los datos volumétricos e integrados, respectivamente, 
respectively). 
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Los dos trabajos anteriores confirmaron que la exudación representa una fracción importante 
de la productividad total en los sistemas marinos, es una propiedad relativamente constante en 
el tiempo y también en el espacio, y aparentemente no guarda una relación clara con la 
estructura de tamaños de la comunidad fitoplanctónica. Sin embargo, debido a que dichos 
estudios fueron realizados in situ, y por tanto estaban sujetos a la covariación entre diferentes 
factores de control, no era posible determinar inequívocamente hasta qué punto el tamaño 
celular per se estaba o no relacionado con la importancia de la exudación, o si tal y como la 
teoría sugiere, está directamente relacionado con el estado fisiológico en las microalgas.  
 
Capítulo 4: Exudación de carbono orgánico disuelto por el fitoplancton marino: relación 
con la afiliación taxonómica y el tamaño celular.  
Para establecer si existe una relación entre la importancia de la exudación y el tamaño 
celular o el estado fisiológico del fitoplancton, se midió la producción de carbono orgánico en 
cultivos de 22 especies de fitoplancton que incluían diatomeas, dinoflagelados, clorofíceas, 
cocolitofóridos,  y cianobacterias, y abarcaban un rango de tamaño desde 0.1 µm3 hasta >106 
µm3 en volumen. Las medidas se realizaron durante tres fases de crecimiento: la fase 
exponencial, una fase intermedia y la fase estacionaria. Además, en cada experimento, se 
determinaba el biovolumen de las células y diariamente se tomaban medidas de abundancia 
celular, fluorescencia, y de la concentración de nitrógeno inorgánico disuelto, carbono y 
nitrógeno orgánico particulado, y clorofila.   
En los cultivos se observó que la liberación extracelular de carbono orgánico 
representaba en promedio un ~2% de la fijación total de carbono.  El porcentaje de liberación 
extracelular no fue estadísticamente distinto entre fases de crecimiento (Kruskal-Wallis H-
test: P = 0.51) y no se relación con el tamaño celular (Fig. 4).  La producción primaria 
disuelta (por unidad de célula) guardo una relación isométrica con el tamaño celular durante 
las tres fases de crecimiento (pendiente promedio: 0.95) (Figura 5),  lo cual implica que la ley 
de Kleiber no puede ser utilizada para predecir las tasas de exudación en el fitoplancton 
marino.  
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Figura 4.  Relación entre el porcentaje de liberación extracelular (PER) y el tamaño celular 
medido como biovolumen en cultivos de diferentes especies de fitoplancton (cinco grupos 
distintos) durante tres fases de crecimiento (exponencial, una fase intermedia y la fase 
senescente). 
 
Figura 5. Relación entre el logaritmo de la tasa individual de producción primaria disuelta 
(DOCp) y el logaritmo del tamaño celular medido como biovolumen (µm3) y como biomasa  
(pgC cell–1) para diferentes grupos de fitoplancton en tres fases de crecimiento. 
 
 Los resultados obtenidos demuestran que contrario a lo que sugiere la teoría, la 
exudación es un proceso que no guarda una relación con el tamaño celular. Este resultado 
-2 0 2 4 6 8
0 
4 
8 
12
PE
R
 (%
)
Log Biovolume (µm  3)
Diatoms
Dinoflagellates
Coccolithophorids
Cyanobacteria
Others
Lo
g 
D
O
C
p 
(p
gC
 C
el
l-1
 h
-1
) 
-2 0 2 4 6
-6
-4
-2
0
2
4
 
 
 
 
 
Log cell biovolume (µm 3 )
y = 0.95 (± 0.04) x - 4.17 (± 0.11) Model II
r2 = 0.92, n = 63
Diatoms
Dinoflagellates
Coccolithophorids
Cyanobacteria
Others
-2 0 2 4 6
-6
-4
-2
0
2
4
Log cell biomass (pgC Cell -1)
 
 
 
 
 y = 1.08 (± 0.03) x - 3.38 (± 0.07) Model II
r2 = 0.95, n = 63
 111 
 
sugiere que la exudación de los metabolitos recientemente fotosintetizados y medidos con la 
técnica de 14C en periodos de tiempo corotos, depende de la tasa de fijación de carbono total 
y no es resultado de un proceso de difusión de metabolitos a través de la membrana.  La 
relación isométrica entre la tasa individual de DOCp y el tamaño (por unidad de biovolumen o 
biomasa) confirma que la importancia relativa de la producción primaria disuelta es 
independiente del tamaño celular en el fitoplancton marino.  
Capitulo 5: Fotosíntesis y respiración: relación con el tamaño celular.  
  De los cultivos anteriores, además de medir la tasa de exudación, se determinaron las 
tasas de fotosíntesis y respiración en las 22 especies de fitoplancton.  Ambas tasas fueron 
medidas durante la fase de crecimiento exponencial y la fase estacionaria. Los resultados 
mostraron que en a todas las fases de crecimiento, las tasas metabólicas individuales guardan 
una relación con el tamaño cuyo exponente es significativamente mayo a ¾  y es igual o 
cercano a 1, independientemente de la forma en que sea medido el tamaño celular 
(biovolumen o biomasa) (Fig. 6 & 7). 
 
Figura 6. Relación entre el logaritmo de la tasa individual de fotosíntesis y el logaritmo  del 
tamaño celular medido como (A) biovolumen y  (B) como biomasa con todos los datos de las 
tres fases de crecimiento. La línea punteada es el ajuste  lineal Modelo II; la línea sólida es el 
ajuste cuadrático.  Los modelos lineales son y = 0.91 (0.03) x - 2.14 (0.09) en A;  y = 1.03 
(0.03) x - 1.40 (0.07) en B. En ambos casos,  R2 = 0.94 y N = 63. El ajuste cuadrático es en  
A) y = 1.19 (0.07) x - 0.06 (0.001) x2 - 2.29 (0.09) y 1.26 (0.006) x - 0.08 (0.01) x2 - 1.37 
(0.06) en B); R2 = 0.96 y N = 63 en ambos casos. La desviación estándar se encuentra entre 
paréntesis. 
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Figura 7. Relación entre el logaritmo de la tasa individual de respiración y el tamaño 
celular medida como A) biovolumen y B) como biomasa celular. La línea de ajuste 
corresponde a una regresión lineal modelo II. Los modelos lineales son: A) y = 0.9 
(0.03) x - 4.1(0.09), R2 = 0.96, N = 43; B) y = 1.02 (0.02) x – 3.4 (0.05), R2 = 0.98, N = 
43. Símbolos cono en la Fig.6. 
 
 Los resultados encontrados confirman que el metabolismo del fitoplancton no puede 
ser predicho por la lery de Kleiber (Ley de los ¾).  En el caso de la fijación de carbono, se 
observo una curvatura en la relación con el tamaño,  de tal forma que  la relación entre la 
fotosíntesis por unidad de biomasa y el tamaño celular fue unimodal, en donde las células de 
tallas intermedias presentaron las tasas de fijación (por unidad de biomasa) más altas (Figura 
8). 
Figure 8. Fotosíntesis por unidad de biomasa y su relación con el tamaño celular medida en la 
fase de crecimiento exponencial A), una fase intermedia B) y una la fase estacionaria C). 
Símbolos como en la figura 6.  
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  En todas las especies y para todas las fases de crecimiento, las pérdidas por 
respiración representaron en promedio un 17% del total de carbono fijado. La respiración por 
unidad de biomasa fue independiente del tamaño celular y la fase de crecimiento,  sin 
embargo se observó que en el caso de los dinoflagelados,  las tasas de respiración adquirían 
mayor importancia. Contrario a otras especies,  la mayoría de las diatomeas y algunas 
especies de cocolitofóridos fueron capaces de mantener la fijación de carbono durante la fase 
estacionaria.  Estos resultados resaltan la habilidad de las  de las especies de talla media y 
algunas especies de talla grande de sostener tasas metabólicas altas independientemente del  
tamaño celular. Este resultado tiene implicaciones fisiológicas importantes ya que señalan que 
otros factores además del tamaño, desempeñan un rol importante en control de la estructura de 
la comunidad fitoplanctónica en el océano.  
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Conclusiones  
 El porcentaje de liberación extracelular es una fracción importante de la productividad total 
en los sistemas marinos, ya  que oscila entre un 20% en ecosistemas altamente productivos 
hasta >35% en aguas oligotróficas. Y dentro de los ecosistemas estudiados, es un proceso 
relativamente constante a lo largo de escalas temporales y espaciales. 
1. La exudación de compuestos orgánicos tiene lugar en cualquier fase de crecimiento de 
las poblaciones y su importancia cuantitativa es independiente de la estructura de 
tamaños y de la composición taxonómica de la comunidad de fitoplancton.   
 
2. La fotosíntesis, la exudación y la respiración del fitoplancton se relacionan con el 
tamaño celular de forma isométrica o aproximadamente isométrica, lo que significa 
que especies de tamaños celulares distintos sostienen tasas metabólicas semejantes. 
Estos resultados demuestran de forma concluyente que el metabolismo del 
fitoplancton no sigue la ley de Kleiber.  
 
3. La relación entre la tasa individual de fijación fotosintética de carbono y el tamaño 
celular presenta una curvatura, de manera que la producción por unidad de biomasa es 
una función unimodal del tamaño, alcanzando sus valores más elevados en especies de 
entre 50 y 200 µm3
 
 de volumen.   
4. Las pérdidas por exudación y respiración representan, respectivamente, en torno al 2% 
y < 17% de la fijación fotosintética de carbono en cultivos de fitoplancton, y su 
importancia relativa es independiente del tamaño celular.  
 
5. La afiliación taxonómica también contribuye a explicar la variabilidad de algunos 
procesos metabólicos. Así, los dinoflagelados se caracterizan por presentar tasas de 
respiración  más elevadas que otros grupos, mientras que las diatomeas presentan la 
capacidad de mantener la fijación de carbono durante la fase estacionaria de 
crecimiento.   
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